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ABSTRACT

Forward osmosis (FO) can substantially advance water and wastewater treatment,
particularly in battling against the wide occurrence of emerging trace organic contaminants
(TrOCs). This thesis aims to elucidate four key effects on TrOC rejection by FO, namely,
membrane properties and draw solution, key operating conditions, membrane fouling, and
development of an FO – membrane distillation (MD) hybrid system.
Two types of FO membranes were employed, an asymmetric cellulose triacetate (CTA)
and a thin-film composite (TFC) polyamide FO membrane, for the rejection of a wide range of
TrOCs. A number of principal membrane parameters were characterised to facilitate the
understanding of TrOC transport behaviour in FO, including effective average pore radius (r p ),
selective barrier thickness over porosity parameter (l/ε), surface charge, support layer structural
parameter (S), pure water permeability coefficient (A) and salt (NaCl) permeability coefficient
(B).
Membrane properties governed TrOC rejection in FO. The TFC membrane exhibited
higher rejection of neutral TrOCs with low molecular weight than the CTA membrane, although
the estimated pore size of the TFC membrane (0.42 nm) was slightly larger than that of the CTA
membrane (0.37 nm). This higher rejection of neutral TrOCs by the TFC membrane was
attributed to its active layer properties, namely a more effective active layer structure that was
indicated by a larger l/ε parameter, and pore hydration induced by the negative surface charge.
Reverse draw solute diffusion, which is a unique mass transfer phenomenon in FO, was
found to retard forward feed solute diffusion. This “retarded forward diffusion” phenomenon was
further elucidated by examining rejection behaviour of three hydrophobic TrOCs, bisphenol A,
i

triclosan and diclofenac, using the CTA membrane in FO and reverse osmosis. The reverse NaCl
flux hindered the pore diffusion and subsequent adsorption of the TrOCs within the membrane.
Key operating parameters, including feed pH, membrane orientation, feed and draw
solution temperature, was found to exert significant impact on TrOC rejection by FO. Neutral
carbamazepine rejection was generally pH independent in both membrane orientations.
Carbamazepine rejection in pressure retarded osmosis mode was lower than that in FO mode due
to the higher concentration gradient caused by concentrative internal concentration polarization
in the porous supporting layer. Conversely, sulfamethoxazole rejection was significantly affected
by the feed solution pH in both membrane orientations. Variation in the rejection of
sulfamethoxazole could be attributed to the electrostatic repulsion between the negatively
charged FO membrane surface and varying effective charge of the sulfamethoxazole molecule.
Rejection of charged TrOCs was higher than that of neutral TrOCs and was insensitive to
temperature variation. On the other hand, rejection of neutral TrOCs decreased significantly
when the feed and draw solution temperatures were 40 and 20 °C, respectively, due to the
increase in their diffusivity at an elevated temperature. By contrast, rejection of neutral TrOCs
increased when the feed and draw solution temperatures were 20 and 40 °C, respectively. The
reverse salt (NaCl) flux increased due to an increase in the draw solute diffusivity.
Membrane fouling affected membrane performance and subsequent TrOC rejection.
Deposition of humic acid onto the membrane surface was promoted by the complexation with
calcium ions in the feed solution and the increase in ionic strength at the membrane surface due
to the reverse transport of NaCl draw solute. As the deposition of humic acid increased, the
permeation of carbamazepine and sulfamethoxazole decreased, which correlated well with the
decrease in the membrane salt (NaCl) permeability coefficient. It was hypothesized that the
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hydrated humic acid fouling layer hindered solute diffusion through the membrane pore and
enhanced solute rejection by steric hindrance, but not the permeation of water molecules. The
membrane water and salt (NaCl) permeability coefficients were fully restored by physical
cleaning of the membrane, suggesting that humic acid did not penetrate into the membrane pores.
Membrane fouling was also simulated using either humic acid or colloidal particles as model
foulants at different initial permeate water fluxes. Water flux decline was insignificant at an
initial permeate flux of 9 L/m2h and the fouling layer was fluid-like, spare, and loose. By contrast,
the water flux decline was substantial at an initial permeate flux of 20 L/m2h, resulting in the
formation of a compact and cohesive fouling layer. Water flux recovery after physical cleaning
for both humic acid and colloidal particle fouled membranes was consistently higher at an initial
permeate flux of 9 L/m2h compared to 20 L/m2h. This markedly different fouling behavior at low
and high initial permeate fluxes suggests that the fouling layer structure varied from a fluid-like
loose layer at low initial permeate flux to a more cohesive and compact layer at high initial
permeate flux. We surmise that the fluid-like loose layer formed at low initial water flux
contributed to pore blockage and thus enhanced steric hindrance, thereby leading to an increase
in TrOC rejection. By contrast, the cohesive and compact fouling layer formed at high initial
water flux exacerbated cake-enhanced concentration polarization and resulted in a decrease in
TrOC rejection.
Major outcome from the study was the demonstration of the robustness and treatment
capacity of an FO – MD hybrid system for small-scale decentralized sewer mining. A stable
water flux was realized using a laboratory-scale FO – MD hybrid system operating continuously
with raw sewage as the feed at water recovery up to 80%. The hybrid system also showed an
excellent capacity for TrOC removal, with removal rates ranging from 91 to 98%. Concentrations
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of organic matter and TrOCs in the draw solution increased substantially as the water recovery
increased. This accumulation of some contaminants in the draw solution was attributed to the
difference in their rejection by the FO and MD systems. It was shown that granular activated
carbon adsorption or ultraviolet oxidation could be used to prevent contaminant accumulation in
the draw solution, resulting in near complete rejection (>99.5%) of TrOCs. This FO – MD hybrid
system was also applied to the simultaneous extraction of phosphorus and clean water from
digested sludge centrate. FO concentrates orthophosphate and ammonium for subsequent
phosphorus recovery in the form of struvite (MgNH 4 PO 4 ·6H 2 O), while MD was used to recover
the draw solution and extract clean water from the digested sludge centrate. The FO process
experienced water flux decline during operation, but fouling was largely reversible after a brief,
simple membrane flushing using deionized water. The FO process also provided an effective
pretreatment capacity to the subsequent MD process, which exhibited stable water flux. The use
of MgCl 2 as the draw solute for the FO process was another novel aspect of the system. The
reverse salt flux of magnesium to the concentrated digested sludge across the FO membrane and
the diffusion of protons away from the digested sludge create favorable conditions for the
formation of struvite crystals. The precipitates obtained in the hybrid process were verified to be
struvite crystals by examining crystal morphology, element composition, and crystal structure.
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CHAPTER 1: INTRODUCTION
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An investment in knowledge always pays the best interest.
Benjamin Franklin
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1.1 BACKGROUND
One of the most pervasive problems afflicting people throughout the world is
inadequate access to clean water as water scarcity and pollution occur in many regions in the
world and often at a very alarming rate [1]. The continued exponential growth in human
population has created a corresponding increase in the demand for the Earth’s limited supply
of freshwater [2]. The uneven freshwater distribution exacerbates the shortage of freshwater
worldwide. At the same time, in both developing and industrialised countries, an increasing
number of contaminants are entering surface waters from human activity, especially various
emerging trace organic contaminants (TrOCs), such as endocrine disrupting compounds,
pharmaceutical and personal care products [3]. These trace organic contaminants in the
aquatic environment can seriously compromise the availability of fresh water. Currently,
about one third of the world’s population live in areas with moderate to severe water
shortages [4]. Therefore, there is an urgent need to reclaim wastewater to alleviate water
stress.
Various TrOCs have been detected in secondary effluent of wastewater treatment
plants, albeit that secondary effluent is also a potential source for water reclamation [5-6]. A
wide range of TrOCs, including pharmaceuticals, pesticides and hormones, can enter into the
wastewater treatment system via release during manufacturing, excretion after personal use
and public disposal of unused quantities. Investigations carried out in Australia, China,
Canada, Germany, Japan, Korea, New Zealand, Spain, Switzerland, U.S.A. have confirmed
that trace organics occur widely in secondary treated effluents at microgram per litre level [7].
Given the potential ecological and health impacts, it is critical to evaluate the water quality of
secondary treated effluents for water reclamation applications.
Scientific evidence has revealed the potential risks associated with the TrOC presence
in the aquatic environment. These trace organic chemicals can have severe consequences [8]
3

to human health including abnormal physiological processes and reproductive impairment [911], increased incidences of cancer [12-13] and development of antibiotic-resistant bacteria
[14]. In addition, for many substances, their chronic effects on humans and aquatic
ecosystems are still not well understood. As a result, the public and water utilities have
significant concerns over the quality and safety of water recycling. Advanced treatment
techniques are required to eliminate the risks to human health and aquatic ecological
wellbeing when secondary treated effluent are used as water sources in water reclamation
schemes.
Present strategies for TrOC removal mainly focus on oxidation processes [15] and
pressure driven membrane processes [16-17]. The oxidation techniques notably consist of
O 3 /H 2 O 2 , Ultra Violet (UV)/H 2 O 2 , Fenton/photo-Fenton, and UV/TiO 2 combinations [1820]. Pressure driven membrane processes mainly include nanofiltration and reverse osmosis
(RO) [21-22] and a combination technique involving a bioreactor, namely membrane
bioreactor [23-25]. Nevertheless, the operating cost of oxidation for mineralisation of low
concentration contaminants is high. Pressure driven membrane techniques are also very
energy intensive. This together with the maintenance cost for membranes accounts for a large
proportion in the total cost of membrane operation. Therefore, innovative removal techniques
for emerging trace organic contaminants should have the characteristics of low operation and
maintenance cost and high removal efficiency.
Forward osmosis (FO), which is an osmotically driven process, is the emerging
technique in preventing the widespread trace organic contaminants in water bodies [26]. FO
process does not require intensive energy input and may offer advantages of high rejection of
a wide range of contaminants both inorganic and organic and lower membrane fouling
propensities than traditional pressure driven membrane processes [27].
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1.2 OBJECTIVES AND SCOPE OF THESIS
The overall goal of this research was to systematically investigate the rejections of
environmentally relevant TrOCs by FO, and gain a better understanding of the development
and deployment of the emerging FO process.
Specific objectives in pursuit of this goal were to:
1. decipher the relationship between FO membrane properties and TrOC rejection in an
FO process;
2. investigate quantitatively the role of draw solution on TrOC rejection by FO;
3. evaluate the influence of operating conditions, including solution pH, membrane
orientation, and temperature, on TrOC rejection by FO;
4. identify the impact of membrane fouling on membrane performance and associated
effects on TrOC rejection by FO, and;
5. formulate an FO – membrane distillation (MD) hybrid system to substantially advance
wastewater resource recovery.
1.3 THESIS ORGANIZATION
The first part of the thesis research focuses on investigating the effects of FO
membrane property and draw solution on TrOC rejection by FO. This work is covered in
Chapters 3 and 4. In Chapter 3, TrOC rejection experiments by two state-of-the-art FO
membranes are conducted to delineate the effect of membrane properties in an FO process. A
pore hindrance model is applied, for the first time, to describe TrOC rejection by FO. In
Chapter 4, the role of reverse draw solute diffusion, which is a unique mass transfer
phenomenon in FO, is elucidated by comparing TrOC rejection behaviors in FO and RO
modes. TrOC rejection is quantitatively related to reverse draw solute flux, a distinctive effect
termed as “retarded forward diffusion”.
5

The second part of the thesis research sheds light on the effects of key operating
conditions on TrOC rejections. Chapters 5 and 6 are devoted to the elucidation of the effects
of key operating conditions, including feed solution pH, membrane orientation, and feed and
draw solution temperature, on TrOC mass transport in FO. In Chapter 5, the effects of two
key operating conditions, feed solution pH and membrane orientation, are examined on the
rejections of two pharmaceutically active compounds. Chapter 6 presents the effects of feed
and draw solution temperature and transmembrane temperature difference on TrOC rejection
by FO, which is significantly relevant to the practical deployment of FO process.
The third part of the thesis addresses the impact of membrane fouling on membrane
performance and the associated effects on TrOC rejection, which is covered in Chapters 7 and
8. In Chapter 7, membrane fouling simulated by humic acid is conducted to highlight the
impact of membrane fouling on membrane performance in terms of water and solute
permeabilities. In Chapter 8, membrane fouling is investigated from another angle where we
emphasizes the importance of initial permeate flux in governing FO membrane fouling and
subsequent TrOC rejection. Understandings obtained from these two chapters are critical to
FO application in wastewater reclamation.
The last part of the thesis is focused on the development of an FO – MD hybrid
system to maximize valuable resource recovery from wastewater, particularly water and
phosphorus. Chapters 9 and 10 illuminate an innovative and elegant proof principle for an FO
– MD hybrid system to advance direct sewer mining and phosphorus extraction. A summary
of the thesis and recommendation for future work are included in Chapter 11.
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2.1 INTRODUCTION
The occurrence of emerging trace organic contaminants in sewage, secondary treated
effluent and sewage impacted water bodies is a major human and environmental health
concern. The full extent of the impact of these emerging trace organic chemicals on human
health is still a subject of intense scientific debate and study. However, some of these
contaminants have already been shown to cause serious adverse effects on a range of
organisms at environmentally relevant concentrations [1-4]. Forward osmosis (FO) can
potentially provide a new perspective to the removal of these emerging trace organic
contaminants. In FO, a water-permeable and salt-rejecting membrane is placed between a
feed solution and a concentrated draw solution with high osmotic pressure. Extraction of
water is driven by the osmotic pressure difference and at the same time, it couples the
rejection of the salt and contaminants in the feed solution by the FO membrane. To produce
freshwater, FO is usually combined with pressure driven membrane processes, such as
nanofiltration (NF) and reverse osmosis (RO) [5-7], or thermal processes, such as
conventional column distillation [8, 9] and membrane distillation (MD) [10, 11]. As a result,
elucidating transport mechanisms of these emerging organic contaminants through an FO
membrane is fundamental and critical for the further development and deployment of FO.
In this chapter, we provide a comprehensive review on the current state of knowledge
on the rejection of emerging trace organic contaminants by FO process. The review begins
with a brief introduction of the occurrence of emerging trace organic contaminants in
municipal wastewater effluent. Three major aspects are outlined to delineate their impacts on
the rejections of trace organic contaminants: process parameters including properties of
membrane and draw solution and operating conditions; membrane fouling; and FO-based
hybrid processes. This review ends with several concluding remarks that will further
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strengthen the potential of FO in effectively dealing with emerging trace organic
contaminants.
2.2 EMERGING TRACE ORGANIC CONTAMINANTS
2.2.1 Occurrence, Health and Environmental Impacts
The widespread occurrence of emerging trace organic contaminants in the
environment has received significant scientific attention in recent years [4]. Emerging trace
organic contaminants (Table 2.1) including pharmaceuticals and personal care products
(PPCPs) and endocrine disrupting chemicals (EDCs) are biologically active and can threaten
the aquatic environment with effects such as acute and chronic toxicity to aquatic organisms,
accumulation in the ecosystem and loss of habitat and biodiversity, as well as a range of
possible adverse effects on human health.
Compelling scientific evidence has revealed the potential risks associated with the
presence of emerging trace organic contaminants in the aquatic environment. These
contaminants can cause severe consequences to human health [12], such as abnormal
physiological processes and reproductive impairment [13-15], increased incidences of cancer
[16, 17] and development of antibiotic-resistant bacteria [18]. A further concern is the
synergistic effect of mixtures of these emerging organic contaminants [19]. Although effects
of individual substances may be insignificant, long-term exposure to a mixture of emerging
organic contaminants may have health effects on human and other biota. Furthermore, for
many substances, their chronic effects on humans and aquatic ecosystems are still not well
understood.
A major pathway for these emerging organic contaminants entering aquatic
environment is secondary treated effluent discharged from wastewater treatment plants. This
is due to the incomplete elimination of these (often polar) compounds in conventional
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wastewater [2], drinking water [20] and water reclamation [21] treatment plants. These
substances in the effluents can reduce water quality of receiving water bodies and will
challenge water reclamation schemes that are becoming popular around the world seeking to
augment the freshwater supply. Investigations carried out in Australia, China, Canada,
Germany, Japan, Korea, New Zealand, Spain, Switzerland and U.S.A. reported that these
emerging organic chemicals occurred widely in secondary treated effluents at concentration
level up to several µg/L (Figure 2.1). As a result, the public and water utilities have
significant concerns over the quality and safety of water reclamation. Intensive treatments are
required to eliminate the risks to human health and aquatic ecological wellbeing when
secondary treated effluent is used as water source in water reclamation.

Figure 2.1: Examples of widespread occurrence of emerging organic contaminants in the
influent and effluent of a conventional wastewater treatment plant. Bars represent data from
literature [22-29].

16

Table 2.1: Molecular structures of typical emerging organic contaminants (PPCPs and EDCs)
Endocrine Disrupting Chemicals (EDCs)
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Bisphenol A
OH

Estrone
OH

OH

H

H

H

H

H

H

17β-Estradiol

H

H

HO

HO

OH

H

HO

17α-Ethinylestradiol

Estriol

Pharmaceuticals and Personal Care Products (PPCPs)
O

HO

Cl

O

H
N

N

OH

O

S

H
N

O

O
NH2
Cl

Ibuprofen

Diclofenac

Sulfamethoxazole

O

OH

Cl
O

N
OH

O

Cl

Cl

NH2
O

Carbamazepine

Ketoprofen

Triclosan

2.2.1.1 Endocrine Disrupting Compounds
An EDC is defined as “An exogenous agent that interferes with the synthesis,
secretion, transport, binding, action, or elimination of natural hormones in the body that are
responsible for the maintenance of homeostasis, reproduction, development, and/or behaviour”
[30].
The natural and synthetic steroid estrogens and endocrine-disrupting phenolic
compounds are two major classes of EDCs that have attracted the most attention of
environmental researchers [31]. Estrogens of natural origin include 17β-estradiol (E2) and its
main metabolites (i.e. estrone (E1) and estriol (E3)), which are largely present in human and
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animal urine. The 17α-ethinylestradiol (EE2) is commonly used as a major ingredient in
many contraceptives. These steroid estrogens have a high estrogenic effect. Bisphenol A
(BPA) and 4-nonylphenol (NP) are industrial and household chemicals which have a less
estrogenic capacity but are commonly detected at a much higher concentration than steroid
estrogens in the effluents of WWTPs [29].
The estrogenic potency of both natural and synthetic EDCs can be activated through
estrogen receptors (ER) that function as ligand-dependent transcription factors in human and
animals. The estrogenic potency is evaluated by the estrogen binding affinities of endogenous
and exogenous EDCs to the ERs. For example, both E2 and the synthetic EE2 can lead to
induction of the yolk precursor vitellogenin, effects on gonadal histology, reduction of
fecundity and reproductive success in fish, but the in vivo potency of EE2 is 10-50-fold
higher than that of E2 due to the lower metabolism [32]. Two main bioassay techniques to
determine the estrogenic potency, yeast estrogen screen (YES) and E-screen, are applied to
determine the estrogenic potency of the EDCs in the secondary effluent of WWTPs in France
[32, 33], the Netherlands [34, 35], and China [36]. The structures of the aforementioned six
EDCs are shown in Table 2.1 specifies the physicochemical properties and estrogenic
potencies of the EDCs.
Table 2.2: Physicochemical properties and estrogenic potencies of six endocrine disrupting
chemicals [37]
Estrogenic potency
Molecular
Water
Compounds
CAS No.
weight
solubility LogK ow pK a LogDa
EYESb
(g/mol)
(mg/L)
screenc
Estrone
53-16-7
270.4
30
3.13
10.5
3.69
0.38,1
0.01
17β-Estradiol
50-28-2
272.4
3.6
4.01
10.71 4.34
1,1
1
Estriol
50-27-1
288.4
441
2.45
10.4
2.94 0.024,0.001
0.3
17α57-63-6
296.4
11
3.67
10.4
4.52
1.19,1.5
1.25
Ethynylestradiol
-4
Bisphenol A
80-05-7
228.3
120
3.32
9.6
3.64
6.7e
3e-5
251544-Nonylphenol
206.3
3000
3.28
10.14 6.19
<2e-7
8e-5
52-3
a

@pH 7.4
Estrogenic potency determined by yeast estrogen screen (YES)
c
Estrogenic potency determined by E-Screen
b
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EDCs are now widely detected in the wastewater [37, 38], surface water [38-40],
recycled water [21, 41] even finished drinking water [42]. It is believed that the effluent of
WWTPs is the major source in spreading EDCs into receiving waters. This claim is supported
in terms of survey data of the widely detected EDCs in various WWTPs effluents and the
removal principles of conventional treatment processes. Conventional treatment processes are
normally, and in the best cases, designed for carbon, nitrogen and phosphorus removal,
though partial EDCs removal is often achieved simultaneously in biodegradation and
bioadsorption. Table 2.2 presents some examples of observed EDCs data in the wastewater
treatment systems. Biological treatment proved the most efficient with over 80% removal of
most compounds. However, despite the considerable removal rates, the low levels of EDCs in
the discharged effluent still affect human and aquatic animals.
The possible adverse effects of EDCs have become a major concern regarding
reproductive disturbance in humans and wildlife. The incidences of hermaphroditic wild fish
near WWTPs have been observed [13, 14], which initiated the investigation of EDCs in
WWTPs effluents in 1993. Other studies have also shown that birds, reptiles and mammals in
EDC-contaminated areas undergo alterations of the endocrine reproductive system [43].
Besides, these EDCs have been linked to the decrease in human sperm quality and the
increase in breast, testicular and prostate cancer. For example, scientific evidence of
correlations between lower sperm counts and high concentrations of polychlorinated biphenyl
in blood serum studies has been found [44].
Based on severe toxicity of EDCs to ecology and human health, regulatory efforts in
setting guidelines on EDCs have been put into place. For example, the U.S. EPA has set an
Ambient Water Quality Criteria for 4-Nonylphenol of 28 μg/L for acute exposure (maximum
1 h exposure) and 6.6 μg/L for chronic exposure (4 day exposure period, occurring more than
once over 3 years) in freshwater environments [45]. Ambient Water Quality Criteria are not
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regulatory guidelines, but have been suggested for water quality control to protect aquatic life.
Estradiol, estrone and ethinyl estradiol are all on the USEPA Candidate Contaminant List 3
(CCL3) for safe drinking water [46].
Table 2.3: Occurrence of target EDCs in the effluent of WWTPs [29]
Removal
Influent
Effluent
Target EDCs
Efficacy
Matrices Type
(ng/L)
(ng/L)
(%)
11
1.6
86
Municipal
17β-Estradiol
9.69
4
59
Domestic
28.1
1.2
96
Domestic
44
17
61
Municipal
Estrone
31
24
23
Domestic
43.1
12.3
69
Domestic
72
2.3
97
Municipal
Estriol
57.29
11.71
80
Domestic
381.5
5.6
99
Domestic
17α4.84
1.40
71
Domestic
Ethynylestradiol
Municipal waste
2800
<50
>98
landfill
1500
6600
Industrial & domestic
4-Nonylphenol
57640
650
99
Industrial & domestic
10000
1000
90
Domestic
Municipal waste
130
<5
>96
landfill
*
7100
N.D.
Municipal & industry
Bisphenol A
*
2500
N.D.
Municipal
1780
210
88
Municipal
550
140
75
Domestic
*

Ref
[38]
[47]
[28]
[38]
[47]
[28]
[38]
[47]
[28]
[47]
[48]
[26]
[28]
[49]
[48]
[26]
[26]
[50]
[28]

N.D.: not detected

2.2.1.2 Pharmaceuticals and personal care products
PPCPs describe a large class of chemical contaminants that originate from human
usage, excretions and veterinary applications. Chemicals in this group mainly include overthe-counter and prescription medications, fungicides and disinfectants used for industrial,
domestic, agricultural and livestock practices [25]. Most frequently investigated compounds
and their therapeutic classes are listed in Table 2.4 [25]. Structures of several typical
compounds are illustrated in Table 2.1. Analgestic/anti-flammatory and antibiotic are
predominant in the emerging PPCPs. It is estimated that there may be as many as six million
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PPCP substances commercially available worldwide and that the use of pharmaceuticals is
increasing 3-4% by weight per annum [51]. The huge amount of PPCPs are partially excreted
and then discharged into the wastewater treatment system. Therefore, with wide input, PPCPs
are threatening water quality.
Table 2.4: The PPCPs most investigated
Therapeutic
Classes

PPCPs

Investigation
frequency
(%)a

Analgesic/antiinflammatory

Ibuprofen, diclofenac, naproxen, ketoprofen, mefenamic acid
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Antibiotic
Lipid regulator
Anti-epileptic
Metabolite
Beta-blocker
Personal care
product
Contrast product
Disinfectant
Vasodilator
Antidepressant
a

Sulfamethoxazole, trimetoprim, ciprofloxacin, roxithromycin,
norfloxacin, clarithromycin, erythromycin
Bezafibrate, gemfibrozil
Carbamazepin
Clofibric acid, salicylic acid
Metoprolol, propranolol, atenolol

8.7
4.4
4
3.9
2.8

Galaxolide, tonalide

2.7

Iopromide
Triclosan
Pentoxifyllin
Diazepam

1.1
0.8
0.7
0.6

The investigation frequency is based on 117 papers, 6641 data, 184 molecules [25].

In general, the principal pathways of PPCPs entering the aquatic environment are
from individual household use and industrial or hospital discharges. The prime PPCPs
anthropogenic sources are indicated in Fig. 2.3 in the shaded boxes. All of these effluents are
entering the wastewater treatment system. However, PPCPs are not completely removed in
WWTPs [52, 53], and thus are released into receiving water bodies. Concentrations of several
classes of PPCPs in effluents of WWTPs have been summarized in Figure 2.1. Almost all
types of pharmaceuticals cannot be removed in the conventional active sludge processes
though some of these compounds have better removal efficacies. Therefore, WWTPs can be
attributed to the major source of PPCPs.
Issues related to PPCPs contaminations will only gain in prominence as wastewater
recycling becomes more prevalent. In the US, the fraction of reclaimed wastewater was as
high as 32.1% in 2005. In California, water recycling is an integral part of the strategic plan
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for state-wide water management and 496 million tonnes of reclaimed water are beneficially
used annually [54]. However, to date, more than 80 PPCPs have been detected in final
product water when treated wastewater is used for artificial groundwater recharge and potable
water supply supplement [24]. In these cases, PPCPs in the effluents of WWTPs can pose
risks and uncertainties in the wastewater reclamation schemes as well as the quality of the
reclaimed water.

Figure 2.2: Sources and pathways of PPCPs in the urban water cycle [51]

The chronic toxic effects of PPCPs have not been fully understood at this stage. It is
believed that PPCPs are designed to be biologically active and, therefore, may have effects on
non-target organisms even at trace concentrations in the aquatic environment. The acute
toxicities of many PPCPs are similar to industrial chemicals, exhibiting chronic toxicity even
at concentrations below 1 µg/L [55]. Environmental concern about is also mounting how
low-level contamination by certain PPCPs may contribute to the spread of antibacterial
resistance [18, 56], which can cause severe consequences to human medications.
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2.2.1.3 Other trace organic compounds
Apart from EDCs and PPCPs, there are two other main groups of trace organic
contaminants affecting water bodies severely, namely disinfection by-products (DBPs) and
pesticides. Compounds in the former groups are by-products resulting from the disinfection
of potable water supplies, such as chloride, chloramines and ozone. Trihalomethane (THM),
haloacetic and N-nitrosamines are typical DBPs in the conventional disinfection processes
where disinfectants interact with natural organic matters and by-product precursors.
Pesticides include chemicals used as insecticide, fungicide and herbicide, most of which are
extremely environmentally hazardous.
Disinfect by-products (DBPs)
Chlorine, chloramines, chlorine dioxide and ozone are the most commonly used
chemical disinfection agents in the potable water process [57]. These chemicals, in addition
to effectively killing harmful microorganisms, are powerful oxidants that oxidise the organic
matter naturally present in water. However, chemical disinfection processes also produce
DBPs that may be residually present in the finished drinking water and may pose a potential
risk to water consumers.
DBPs have aroused intense concerns concerning the sufficient evidences for the
carcinogenicity in animal experiments. For example, chloroform has produced liver tumours
in mice (both sexes), kidney tumours in male mice and rats and liver tumours in female rats.
Trichloroacetic acid has been confirmed mainly in the liver of laboratory animals (mices).
Dichloroacetic acid, at high repeated doses, can caused kidney damage and neurotoxicity in
rats [58]. N-nitrosoamines, mainly N-nitrosodimethylamine (NDMA) cause cancer of the
liver, lung and kidneys in adult mice. Therefore, regulations are proposed and enforced to
control the prevalence of DBPs in the potable water supply.
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The concerns over the possible adverse health effects of DBPs have promoted the
implementations of guidelines and regulations in many countries and regions, e.g. US, and
the European Union. In 1979, the USEPA initiated a regulatory standard of 100 µg/L THMs
under the Safe Drinking Water Act. A level of 60 µg/L has also been introduced for the sum
of five haloacetic acid. Moreover, the maximum admissible concentration of NDMA in
drinking water is 7 ng/L with the risk estimation of 10−5 [59]. In Germany, the guideline
value for total THMs is 10 μg/L. The European Communities drinking water quality standard
for total THMs of 100 µg/L is currently under review [60].
Pesticides
Pesticides comprise a wide variety of chemicals with different chemical structures.
Chemical

classes

of

pesticides

include

organochlorine

compounds,

carbamates,

organophosphates and chlorophenoxy compounds. They differ widely in their capacity to
persist in the environment and to exert extremely toxic effects on human health and the
environment [61].
Numerous pesticides have been detected in surface water in most regions globally as
pesticides are widely applied in agriculture and industrial production. Surface water collected
from three river basins between 1983 and 1999 in agriculture areas in Portugal, atrazine,
chlorfenvinphos (Z+E), α- and β-endosulfan, lindane, molinate and simazine were detected,
reaching the maximum values of 0.63, 31.6, 0.18 µg/L (α-endosulfan), 0.18 μg/L (βendosulfan), 0.24, 48 and 0.3 µg/L, respectively [62]. In northern Greece, it has been shown
that organochlorine pesticides, hexachlorocyclohexane, aldrin, dieldrin and endosulfan
sulfate were present in the surface waters of four rivers and five lakes for a period of two
years. The concentrations detected were higher than the qualitative target levels set by the
European Union, especially for hexachlorocyclohexane and aldrin [63].
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2.2.2 Challenges for water reclamation
Due to the frequent detection of emerging organic contaminants in secondary treated
effluent, a multi-barrier concept is widely utilised in the design of wastewater reclamation
process to ensure the quality of product water. An array of technologies, such as advanced
oxidation, activated carbon adsorption, and membrane filtration, are integrated in wastewater
reclamation [64]. Among these, NF and RO membrane filtration is widely recognised as the
leading and critical technique for wastewater reuse [65]. With well-proven separation
mechanisms including size exclusion, charge repulsion and adsorption diffusion, NF and RO
membrane filtration provides medium to high rejection of these emerging trace organic
contaminants. Notably, in several pilot and full scale facilities, RO membranes could
effectively reject up to 36 emerging organic contaminants with varying physicochemical
properties to concentrations below the detection limit [66, 67].
Despite the prominence of NF and RO membrane in wastewater reclamation, these
technologies are not without limitations. First, NF and RO membranes are not an absolute
physical barrier against the permeation of emerging trace organic contaminants. Previous
findings from bench- and laboratory-scale studies suggest that NF and, to a lesser extent, RO
membranes can partially reject emerging trace organic contaminants [68]. Nghiem et al. [69]
reported that adsorption and subsequent diffusion of steroid hormones through a membrane
polymeric matrix resulted in a much lower rejection than would be expected based on steric
hindrance. Similar observations were also reported by Steinle-Darling et al. [70] when they
examined the rejection of perfluorooctane sulphonamide by NF270 membrane and concluded
that hydrophobic compounds resulted in a low rejection due to their adsorption by the
membrane active layer. As a result, the multi-barrier concept is widely accepted in the design
of wastewater reclamation processes and additional purification technologies are
recommended to guarantee the wastewater reclamation if the permeation and accumulation of
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these emerging trace organic chemicals risk the quality of product water. Some advanced
oxidation technologies, such as ultra violet (UV) radiation and radical oxidation (e.g., H 2 O 2
or ClO 2 ), are commonly combined with NF and RO membrane filtration to further enhance
the removal of certain persistent emerging trace organic contaminants with low molecular
weight [71]. These energy-intensive post treatments substantially increase the energy and
carbon footprint of wastewater reclamation [72]. In addition, membrane fouling by effluent
organic matter is also a major hindrance to the NF and RO membrane filtration in wastewater
reclamation. Current operational strategies to deal with membrane fouling include pretreatment of feed water and cleaning of the fouled membrane, both of which would
significantly impact the cost and operation of the membrane process. As a result, there is a
growing need to design wastewater reclamation systems using alternative and simple
processes that provide multiple barriers without substantially increasing the energy and
carbon footprint.
As a resurgent membrane process, FO has the potential to be integrated with pressureor thermal- driven membrane processes to improve or offer a sustainable alternative to
wastewater reclamation. Successful development and deployment of such FO membrane
based processes would produce a safe and economical paradigm shift in wastewater
reclamation (Figure 2.2). In the following sections, we critically evaluate the technical
feasibility and performance efficiency of FO for the rejection of emerging trace organic
contaminants. Key aspects impacting the rejection are highlighted and elucidated: process
parameters including the properties of membrane and draw solution and operating conditions,
membrane fouling, and FO-based hybrid processes.
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2.3 TRACE ORGANIC CONTAMINANT REMOVAL BY FORWARD OSMOSIS
2.3.1 Overview
For a stand-alone FO process, a water-permeable and salt-rejecting non-ideal FO
membrane (i.e., less than 100% solute rejection) is placed between a feed solution and a
concentrated draw solution with high osmotic pressure (Figure 2.4). The extraction of water
is driven by the osmotic pressure difference and at the same time, it couples the rejection of
salt and contaminants in the feed solution by the FO membrane. As a result, mass transfer in
an FO process is bi-directional: forward diffusion of water and feed solute is combined with
reverse diffusion of draw solute, which is unique to FO. FO, utilising an osmotic pressure
difference as the driving force, substantially reduces the external energy input compared to
pressure driven NF and RO processes; in addition, there is no applied hydraulic pressure and
thus no cake layer compaction in FO, which yields greater membrane fouling resistance and
higher membrane cleaning efficiency.

Figure 2.3: A schematic concept of a paradigm shift to FO membrane based processes in
wastewater reclamation.
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Figure 2.4: A schematic of FO and typical mass transfer phenomena in FO.
These inherent advantages make FO a promising candidate for advancement of
wastewater treatment. Consequently, several early investigations were carried out to examine
the effectiveness of FO in the treatments of landfill leachate [73], anaerobic digester
concentrate [74], activated sludge solution [75, 76], and domestic wastewater [77].
Specifically, good removal efficiency of emerging trace organic contaminants by FO
processes has been demonstrated. Cartinella et al. [78] found a near complete rejection of
three hormones by an FO process. Cath et al. [79] reported the rejection of six pharmaceutical
compounds ranging from 72% (salicylic acid) to more than 99% (diclofenac). More recently,
a number of studies have delineated the rejection performance of emerging trace organic
contaminants by an FO process. A comprehensive study on the removal of 23 emerging trace
organic contaminants revealed that the rejection of charged trace organic chemicals was
consistently above 80% whereas that of neutral emerging organic contaminants varied from
40 to 90% [80]. A similar observation was also reported by Valladares Linares et al [81]
when they examined the removal of 13 emerging trace organic contaminants. Alturki et al.
[82] proposed and elucidated rejection mechanisms for emerging trace organic contaminants
by using a total of 40 emerging trace organic contaminants. They found that the rejection of
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charged trace organic contaminant was governed by both electrostatic interaction and size
exclusion, while that of neutral trace organic contaminant was dominated by size exclusion.
Significant research and development of FO processes in wastewater treatment over
more than a decade has substantially proven its technical feasibility and excellent rejection of
emerging trace organic contaminants (Table 2.5). As a promising technology, FO diversifies
and enhances the current portfolio of technology solutions to upgrade or reengineer existing
wastewater infrastructure to a sustainable manner whilst also reducing its environmental
footprint. However, the current understanding of rejection mechanisms of emerging trace
organic contaminants in an FO process is still limited.
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Table 2.5: Summary of FO studies for wastewater treatment.
Operating conditions
Year

Membrane

Feed

CTAa

Landfill leachate
(Benton County,
OR)

2005

CTA

Synthetic
wastewater

2005

CTA

2006

CTA

1997

Synthetic
wastewater
Mixture of hygiene
wastewater,
humidity condensate
and urine

Draw

Mode

Water flux
(L/m2h)

Performance
Water
Reverse salt
recovery
flux
(%)

Rejection

Ref

FOb

7.4

N.A.c

95

Final discharge in
compliance with the US
National Pollutant
Discharge Elimination
System

1.7 M NaCl

FO

6.5 (initial) to
6 (end)

0.3 g/L
wastewater
recovered

95

Urea rejection of 51.3%

[77]

1-1.7 M NaCl

FO

0.8

N.A.

N.A.

Near complete rejection
of urea

[11]

Initial of 1.2 M
NaCl to 0.34 M
NaCl

FO

12.5 (initial)
to 5.5 (end)

N.A.

70

Rejection of estrone and
estradiol up to 95%

[78]

[74]

[10]

Saturated NaCl
solution (~ 6.2
M NaCl)

2007

CTA

Digested sludge

Initial of 1.2 M
NaCl

FO

11(initial) to 5
(end)

N.A.

72

Rejections of ammonia,
TKN e and
orthophosphate were
88.0, 89.1 and 99.8%,
respectively

2009

CTA

RO concentrate with
TDS d of 7.5g/L

0.9 M NaCl

FO

12 (initial) to
4 (end)

N.A.

80

N.A.

2010

CTA

Secondary effluent
feed

35 g/L synthetic
seawater

FO

5.5 (initial) to
3.5 (end)

500 mg/L as
TDS

63

2011

CTA

Synthetic
wastewater

Red Sea
seawater (~ 0.5
M NaCl)

FO

5.5 (initial) to
2 (end)

N.A.

N.A.

30

Rejection:
diclofenac >99%,
gemfibrozil >80%,
naproxen >90%, and
salicylic acid >72%
Moderate rejections for
hydrophilic neutral
compounds (44-95%),

[73]

[79]

[81]

2011

2011

CTA

MBR permeate

0.5 M NaCl

FO

7.5 (initial) to
4 (end)

N.A.

N.A.

CTA

Synthetic
wastewater

Varying
concentration of
NaCl

FO

13.8

N.A.

N.A.

2012

CTA and
TFC f

Synthetic
wastewater

2 M NaCl

FO

11.8 and 29.3,
respectively

N.A.

N.A.

2012

CTA

Synthetic
wastewater

0.5 M NaCl

FO

5.4

4.28 g/m2h

25

2012

CTA

Synthetic
wastewater

0.5 M NaCl

FO

5.4

4.28 g/m2h

25

2012

CTA

Synthetic
wastewater

2 M NaCl

FO

14.4

14.5 mg/m2h

N.A.

2013

CTA

Synthetic
wastewater

2013

CTA and
TFC

Synthetic
wastewater

2013

CTA

Drilling wastewater

FO

6 and 10,
respectively

4 and 8.5
g/m2h,
respectively

50

0.5 M NaCl

FO

5.4 and 14.5,
respectively

4.28 and 0.32
g/m2h,
respectively

25

1.3 M NaCl

FO

15 (initial) to

N.A.

80

0.5 and 2 M
NaCl

31

and hydrophobic neutral
contaminants (48-92%);
and high rejection for
the hydrophilic ionic
contaminants (96-99%)
Almost all contaminants
were
highly rejected
Boron rejection of 40%
Rejection:
carbamazepine 95-96%,
diclofenac 92-95%,
ibuprofen 82-83%,
naproxen 64-73%
Rejection: bisphenol A
86%; diclofenac and
triclosan 100%
Rejection:
carbamazepine 90%;
sulfamethoxazole 96%
Boron rejection of 50%
Rejection of 13 charged
compounds from 80 to
100%; rejection of 27
neutral compounds
varied from 20 to 100%
Rejection of charged
contaminants above
90%, rejection of neutral
contaminants varied
from 40 to 98%
All USEPA primary

[80]

[83]

[84]

[85]

[86]
[87]

[82]

[88]

[89]

2.4 (end)

2013

TFC

Flowback produced
waters in shale gas
exploration

5.5-6.0 M
NH 3 /CO 2

FO

2.6

a

Cellulose triacetate
FO mode where the membrane active layer faces feed solution
c
Not available in the literature
d
Total dissolved solid
e
Total Kjehldahl nitrogen
f
Thin-film composite
b
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N.A.

64

drinking water regulated
constituents were below
the maximum
contamination level
Product water met the
water quality standards
for surface discharge in
the state of
Pennsylvania

[90]

2.3.2 Membrane properties
Membrane properties significantly impact membrane transport behaviour, especially
the water permeability and feed solute transport. An ideal membrane specifically tailored for
FO operation should reject dissolved solutes, produce high permeate water flux, be
compatible with the selected draw solution, and withstand the mechanical stresses generated
by the operating conditions [91]. However, commercially available membranes lack one or
more of the above-mentioned requisites, thereby inhibiting their applications in an FO
process. For example, a commercial asymmetric CTA membrane specifically designed for
FO process is chemically stable only within a small pH range from 4 to 7 such that the
membrane will hydrolyse when it is exposed to an alkaline draw solution (e.g., ammonium
bicarbonate). In addition, the CTA membrane has a relatively low water flux and salt
rejection. Alternatively, a TFC polyamide RO membrane, as the golden standard for seawater
desalination, generates extremely low water flux when used in an FO mode, resulting from
severe internal concentration polarization (ICP). As a result, a flurry of membrane
development work has been carried out to improve FO membrane properties focusing on
minimizing ICP and achieving higher water permeate flux and solute rejection.
McCutcheon and Elimelech [92] correlated water flux to the hydrophilicity of various
support layer polymers, and concluded that support layer hydrophilicity played a crucial role
in water diffusion in an FO process. Sufficient wetting of the support layer improves the
available pathways and sites for water transport, thereby enhancing water transport. This
hypothesis was carefully examined by fabricating the membrane support layer with a series
of different hydrophilic polymers. Widjojo et al. [93] fabricated a TFC membrane comprising
a hydrophilic sulphonated polysulfone support layer and obtained a water flux of 21 L/m2h
for 2 M NaCl draw and deionised water feed. Han et al. [94] selected the super hydrophilic
sulphonated poly(ether ketone) polymer to fabricate membrane support layer, and yielded a
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low membrane structure parameter (101 µm), which is an indicator of ICP potential, and
water flux of 35 L/m2h for 2 M NaCl draw and deionised water feed. Huang et al. [95]
employed a intrinsically hydrophilic nylon 6,6 microfiltration membrane as support layer and
obtained a similar water flux as for a standard commercial CTA membrane, despite its twice
higher membrane structure parameter than the standard commercial CTA membrane.
It is noteworthy that because the support layer acts as a stagnant diffusive boundary
layer [96], ICP significantly reduces the effective osmotic pressure difference across the
active layer and thus the water flux [97]. As a result the optimal structure for the support
layer of FO membrane will be thin, highly porous and provide a direct path from the draw
solution to the active layer of the membrane. Typically, the support layer possesses a mixed
structure where a thin sponge-like layer sits on top of highly porous macrovoids extending to
the bottom surface [98]. This structural characteristic substantially reduces the membrane
structural parameter and thus alleviates the ICP, thereby increasing the effective osmotic
pressure difference across the membrane. This hypothesis was further examined by
fabricating a support layer with high porosity and low tortuosity. Song et al. [99] utilised an
electro-spun polyethersulfone nanofiber as support layer and reported a low membrane
structural parameter of 106 µm and a high water flux of 37 L/m2h for 0.5 M NaCl draw
solution and deionised water feed. Bui et al. [100] fabricated a nanofiber supportedpolyamide composite membrane that exhibited two to five times higher water flux than a
standard commercial CTA membrane, and attributed this excellent performance to the
superior porosity and pore interconnectivity of the electro-spun nanofiber. In fact, the
membrane performance will be notably enhanced by a support layer coupling a hydrophilic
polymer and superior porosity. Bui and McCutcheon [101] fabricated an effective support
layer composed of a hydrophilic nanofiber by blending polyacrylonitrile and cellulose acetate
via electrospinning. The intrinsically hydrophilic open pore structure with superior
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interconnectivity resulted in a low membrane structural parameter of 109 µm and a
substantially higher water flux (2-3 times) than a standard commercial CTA membrane.
Despite progress in the development of high performance membranes for FO
applications, to date, most studies investigating the rejection of emerging trace organic
contaminants by an FO process have employed a standard asymmetric commercial CTA
membrane (Table 2.1). Jin et al. [84] compared rejections of four pharmaceuticals –
carbamazepine, diclofenac, ibuprofen and naproxen – between a standard commercial CTA
membrane and their homemade TFC polyamide membrane. They found that compared to the
CTA membrane, the TFC polyamide membrane exhibited excellent overall performance,
with high water flux, excellent pH stability and high rejections of all four pharmaceuticals
investigated (> 94%). In a recent study, Coday et al. [102] investigated rejections of humic
acid and a set of cations (Mg2+, Li+ and K+ ) and anions (SO 4 2-, Br- and NO 3 -) in an FO
process using one commercial CTA membrane and two commercial TFC polyamide
membranes. They found that there was no discernible difference between these three
membranes in rejection of humic acid and anions, and a better rejection of cations (Li+ and
K+) by the CTA membrane compared to that of the two TFC membranes. As a result, it is
worthwhile to systematically examine rejection performance of asymmetric CTA and
polyamide TFC membranes and to provide insights in the relationship between membrane
properties and rejection of emerging trace organic contaminants in an FO process.
2.3.3 Draw solution properties
Draw solution, providing the driving force for separation, is a key component for
successful FO applications. In general, an appropriate draw solution for FO applications
should generate high osmotic pressure, minimize reverse diffusion and be compatible with
suitable re-concentration processes [103]. The first two properties of this list are of particular
interest to the rejection of emerging organic contaminants in an FO process.
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Similar to the pressure-dependent water flux behaviour in pressure driven NF and RO
membrane processes, an osmotic pressure generated by the draw solution also governs water
permeate flux in an FO process. Water flux has been found to increase non-linearly with draw
solution concentration (i.e., osmotic pressure) due to ICP [97]. This increase in water flux
resulted in an increase in feed NaCl rejection [104]. NaCl rejection increases with increasing
water flux due to the “dilution effect”, which is consistent with the “dilution effect” observed
in pressure driven NF and RO processes [69]. In fact, Alturki et al. [82] observed an increase
in rejection for most neutral emerging trace organic contaminants when they compared their
rejections at two water fluxes using 0.5 and 2 M NaCl draw solutions. This result implies that
the well-established diffusion-solution mechanism used in pressure driven RO membranes is
also applicable to the transport of emerging organic contaminants in FO.
Water flux is coupled to a reverse permeation of the draw solute through a non-ideal
FO membrane (with less than 100% solute rejection). Recently, several studies have been
conducted to understand this mechanism [85, 105] and to quantify this bi-directional mass
transfer [96, 106, 107]. This reverse transport of draw solute significantly impacts solute –
solute interaction in an FO process and thus influences the rejection of feed solute. Xie et al.
[85] observed a lower adsorption of hydrophobic trace organic chemicals and thus a higher
rejection in FO than that in RO. This has been attributed to a phenomenon termed “retarded
forward diffusion”. This occurs when reverse permeation of the draw solute hinders forward
diffusion of feed solutes, thereby increasing the rejection of feed solutes. A similar “retarded
forward diffusion” phenomenon was reported by Kim et al. [87] when they examined boron
rejection in FO using a set of draw solutions with different reverse draw solute fluxes. Alturki
et al. [82] attributed notably higher rejection of neutral emerging trace organic chemicals in
FO than that in RO to the “retarded forward diffusion” effect. As a result, retarded forward
diffusion could be evoked to assess the rejection of neutral feed solutes by measuring the
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reverse draw solute flux in an FO process. This effect also has an important implication in the
selection of a draw solution as there could be a trade-off between the rejection of feed solute
and the loss of draw solute.
2.3.4 Operating conditions
The impact of key operating conditions, including feed solution pH, membrane
orientation and solution temperature, on rejection of emerging trace organic contaminants in
FO can be delineated. These key operating conditions could either influence mass transfer
(e.g., membrane orientation and solution temperature) or alter the speciation of some feed
emerging trace organic contaminants (e.g., ionic contaminants) in an FO process.
2.3.4.1 Feed solution pH
Both membrane surface charge and speciation of ionic emerging trace organic
contaminants vary with the feed solution pH, thereby influencing electrostatic repulsion [81].
As a result, the rejection behaviour of ionic emerging trace organic contaminants can be
highly pH-dependent. Xie et al. [86] observed that rejection of carbamazepine was relatively
pH-independent, while that of sulfamethoxazole was strongly influenced by pH. In addition,
it was interesting to note that the sigmoidal rejection curve of sulfamethoxazole as a function
of feed pH matches the change in its speciation as an anionic or cationic compound. These
two mirrored curves illustrate that electrostatic repulsion is a dominant mechanism in the
separation of sulfamethoxazole by FO. Jin et al. [84] also highlighted pH-dependent
rejections of naproxen and ibuprofen when they examined rejections of four pharmaceutical
compounds by a CTA membrane at different pH values of 3, 6 and 8. However, in this study,
they also reported a pH-independent rejection behaviour of all four pharmaceuticals by their
homemade TFC membrane over the entire pH range tested. This observation suggested that
rejection of ionic emerging trace organic contaminants is also governed by steric hindrance.
In a comprehensive investigation conducted, Alturki et al. [82] concluded that in addition to
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electrostatic hindrance, size exclusion can also play a major role in rejection of ionic
emerging trace organic contaminants in an FO process, as witnessed by an increased rejection
with increasing molecular weight of ionic compound.
2.3.4.2 Membrane orientation
An FO membrane can be operated in two different configurations, namely the normal
FO mode and pressure retarded osmosis (PRO) mode. The former refers to a configuration
where the active layer of the FO membrane is placed against the feed solution, while the
latter refers to a configuration in which the active layer of the FO membrane is placed against
the draw solution. Jin et al. [83], through a modelling study, showed that the boron flux in the
PRO mode was higher than that in the FO mode. Xie et al. [86] reported a 20% lower
rejection of carbamazepine in the PRO mode than that in the FO mode. Alturki et al. [82]
found lower rejection of charged and small molecular weight neutral emerging trace organic
contaminants in PRO mode in comparison to the FO mode. In addition, rejection of a set of
inorganic contaminants, calcium, boron and arsenate, was found to be lower in the PRO
mode than that in the FO mode [108]. The consistent lower rejection in the PRO mode
reported in these studies is attributed to the concentrative ICP effect in the PRO mode that
results in an elevated solute concentration gradient across the dense active layer of the
membrane, thereby leading to a lower rejection. Furthermore, it is noteworthy that FO mode
is favourable from a practical perspective, when the FO membrane is used to purify
contaminated wastewater because of more severe and irreversible membrane fouling in the
PRO mode than that in the FO mode [109].
2.3.4.3 Feed and draw solution temperatures
Temperature is an important factor governing mass transfer in membrane separation
processes, including the FO process. In several practical applications of FO, there can be
significant temporal and spatial variation in the temperature of feed solutions, such as
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secondary treated effluent or seawater. Similarly, draw solutions can be at higher
temperatures than the feed solution as a result of thermal separation and recycling of the draw
solution or using higher temperatures to increase the solubility of the draw solute. Such
temperature variations could substantially impact the rejection of emerging trace organic
contaminants by the FO process, as also observed in the NF and RO processes [110, 111].
Several studies have examined the effect of temperature on the permeation of water
[112, 113] and inorganic salts [112] in FO. Generally, it was observed that water and salt
permeabilities increased with temperature [97, 112-115]. Recent studies have also focused on
the impact of the temperature difference between the feed and draw solutions on water and
draw solute permeation across FO membranes. Phuntsho et al. [112] examined the water flux
behaviour with feed and draw solutions of different temperature and found that water flux
increased significantly by increasing draw solution temperature. You et al. [112] proposed
that the heat flux generated by the temperature difference between the feed and draw
solutions could enhance the water flux due to the decrease in feed solution viscosity and the
increase in water diffusivity.
Yet, to date, little attention has been paid to the effect of temperature and temperature
difference between feed and draw solutions on the rejection of emerging trace organic
contaminants in the feed solution, which is critical to the deployment of the FO process in
wastewater reclamation. Recently, Xie et al. [88] reported that the rejection of neutral trace
emerging organic contaminants decreased significantly as the feed solution temperature
increased from 20 to 40°C whereas it increased when the feed and draw solution
temperatures were 20 and 40°C, respectively. This enhanced rejection of neutral trace
emerging organic contaminants and improved water flux have important implications for the
integration of the FO process with a thermally-driven separation process, such as MD or
conventional column distillation, for draw solute recovery.
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2.3.5 Membrane fouling
Fouling of water treatment membranes decreases water production, reduces permeate
quality, and shortens membrane lifespan [116]. While all conventional membrane processes
are hampered by membrane fouling, as mentioned earlier (section 2.3.1), FO has been
observed to inherently endure fouling compared to other systems that employ salt-rejecting
RO membranes [76, 117].
Previous FO studies using a variety of foulants demonstrated a general stable water
flux when the FO membranes were fouled with activated sludge [75, 118, 119] and humic
acid [109, 120, 121]. More pronounced water flux decline was observed when alginate was
used as a model foulant in the presence of divalent ions, such as calcium, thereby resulting in
the formation of gel layer [109, 122]. Calcium bridging was identified as the main reason for
alginate fouling; however, water flux was significantly recovered after a simple physical
cleaning step [117], indicating the reversible characteristics of the fouling. While the factors
governing the fouling behaviour vary from foulant to foulant, the low water flux decline in
FO can be mainly attributed to the loose structure of the fouling layer formed without
hydraulic pressure. On the other hand, reverse draw solute diffusion was found to increase the
foulant – membrane interaction [123] or exacerbate cake-enhanced osmotic pressure within
the formed fouling layer [124].
Effects of membrane fouling on the rejection of emerging trace organic contaminants
have been investigated extensively in NF and RO processes. These studies have suggested
that membrane fouling influences the rejection of emerging trace organic contaminants via
modification of membrane surface charge [125, 126], pore blockage [127] or cake enhanced
concentration polarization [128, 129], thereby either improving or reducing their rejection.
By drawing on these well-established mechanisms in NF and RO processes, several studies
have also been initiated to shed light on the impact of membrane fouling on the rejection of
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emerging trace organic contaminants in FO (Table 2.6). Hancock et al. [80] observed that
rejection of emerging trace organic chemicals by an FO membrane process substantially
increased when the membrane was fouled by wastewater effluent in a pilot-scale setup.
Valladares Linares et al. [81] proposed that the fouling layer altered the charge and
hydrophobicity of the FO membrane surface, thereby enhancing the rejection of ionic and
neutral emerging trace organic chemicals. Jin et al. [108] highlighted the enhanced membrane
sieving effect by membrane fouling when they compared the rejections of boron and arsenate
by an alginate-fouled FO membrane. Recently, Xie et al. [130] observed that permeation of
carbamazepine and sulfamethoxazole decreased as the deposition of humic acid increased,
which correlated well with the decrease in the membrane salt (NaCl) permeability coefficient.
They concluded that the humic acid fouling layer hindered solute diffusion through the
membrane pore and enhanced solute rejection by steric hindrance.
It is of practical interest to investigate the rejection behaviour of emerging trace
organic contaminants after membrane physical cleaning. Obtaining such knowledge is of
significant benefit in the consideration of the full scale deployment of FO in wastewater
reclamation. Xie et al. [130] reported that membrane physical cleaning restored the
permeation of carbamazepine and sulfamethoxazole as well as the reverse salt (NaCl) flux to
those of the virgin (clean) membrane. However, more effort should be made to further
examine the impact of membrane cleaning on rejection of emerging trace organic
contaminants.
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Table 2.6: Summary of impact of membrane fouling on rejection of feed contaminants in FO
FO experimental conditions
Rejection behaviour
Feed
Wastewater
effluent

Membrane

Draw
0.5 M

CTA

synthetic

Proposed mechanism

Ref

Scale

Pilot

sea salt

Increased rejection for most
emerging organic chemicals

Fouling layer separate and inhibit the
interaction of contaminants

[80]

with the membrane surface

Increased rejection for hydrophilic
Wastewater
effluent

Red Sea
CTA

seawater (~

Bench

0.5 M NaC)

ionic and hydrophobic neutral

Higher negative charge and

contaminants; 5% decrease in

hydrophilicity of the fouled

rejection of hydrophilic neutral

membrane; membrane swelling

[81]

contaminants
Synthetic wastewater
with alginate

CTA

0.5-5 M
NaCl

Increased rejection of arsenate; no
Bench

boron

Synthetic wastewater
with humic acid and
varying concentration

Decrease in permeation of
CTA

0.5 M NaCl

Bench

Synthetic wastewater

and Bovine Serum
Albumine (BSA)

carbamazepine and
sulfamethoxazole

of calcium

with Sodium alginate

observable change in rejection of

Model foulants caused a slight
CTA

0.5 M NaCl

Bench

decrease in rejection for most
compounds (10% drop or less)
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Improved sieving effect by alginate
fouling

[108]

Hydrated humic acid fouling layer
hindered solute diffusion through the
membrane pore and enhanced solute

[130]

rejection by steric hindrance

Fouling layer led to cake-enhanced
concentration polarisation effect

[131]

CTA

0.5 M NaCl

Bench

[132]
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2.3.6 FO-based Hybrid Systems for Wastewater Reclamation
Integration of FO with other processes offers an important alternative to wastewater
treatment and reclamation. In order to produce freshwater, FO must be combined with
existing processes. Such hybrid systems can provide an extra barrier to intercept emerging
trace organic contaminants, which results in better quality product water. In addition, reconcentrated draw solution will close loop back to the FO process, thereby leading to a nearzero liquid discharge system. Furthermore, FO can be an excellent pre-treatment for foulingsusceptible membranes, such as RO membranes, in the treatment of low quality source water.
As a result, successful development and deployment of FO-based hybrid systems have the
potential to expand the availability of source water, lower technical barrier for
implementation and thus improve the sustainability of freshwater supply (Table 2.7). To fulfil
this concept, two major approaches have been proposed and examined: combination with
pressure driven membrane processes including NF and RO; and FO used with thermally
driven processes, such as column distillation and MD (Figure 2.5).
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Figure 2.5: Closed-loop hybrid systems (a) FO-NF/RO and (b) FO-MD.

The feasibility of a combination of FO and RO process has been the subject of recent
studies. A hybrid FO-RO system for seawater desalination was modelled based on benchscale experimental data, the energy balance of which demonstrated a lower overall energy
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requirement for seawater desalination [133]. Another modelling study of an FO-RO hybrid
system by Shaffer et al. [6] indicated that the system could achieve boron and chloride water
quality requirements for agricultural irrigation while consuming less energy than a
conventional two-pass reverse osmosis process. A 14-day operation of a lab scale FO-RO
hybrid system using real Red Sea seawater as draw solution and secondary wastewater
effluent feed achieved high quality product water that was acceptable for water reclamation
purposes with low energy consumption of 1.5 kWh/m³ of product water in comparison with
direct RO seawater desalination [7, 134]. A 13-day pilot scale FO-RO hybrid system for
osmotic dilution and subsequent treatment of wastewater effluent demonstrated a high quality
of product water, nutrient and organic contaminant concentrations which were below the
detection limit [79]. A more comprehensive bench- and pilot- scale FO-RO hybrid system
demonstrated that this dual barrier treatment of impaired water could lead to more than 99%
rejection of almost all emerging organic chemicals that were regulated in reclaimed water. In
addition, utilising divalent inorganic salts as draw solution in an FO process, such as MgSO 4
and Na 2 SO 4 , favours FO-NF hybrid system for desalination of brackish water [135] and
seawater [136]. In these FO-NF hybrid systems, due to the high rejection of divalent salts by
NF membranes (above 98% for MgSO 4 ), the quality of product water can meet the drinking
water guideline provided by the World Health Organisation [137]. Recently, Phuntsho et al.
[138] employed an FO-NF hybrid system using fertilizers as draw solution for brackish water
desalination and they found that the FO-NF hybrid system was more advantageous in terms
of reduced nutrient concentrations in the final product water and energy consumption. In fact,
a life cycle assessment revealed that with the progress of development and commercialization
of second-generation FO membrane, the environmental impact of FO-RO hybrid system
could be 25% less than the state-of-the-art seawater RO; and the FO-NF hybrid system for
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both seawater and wastewater treatment could achieve similar levels of environmental impact
[139].
Effectiveness of an integrated FO and thermally driven process was first demonstrated
by McGinnis and Elimelech [140] when they utilised a multi-stage column distillation to reconcentrate thermolytic NH 3 /CO 2 draw solution and to produce freshwater. The energy
saving of the FO-multi-stage column distillation hybrid system on an equivalent work basis,
ranged from 72 to 85%, in comparison to current technologies. Later, a pilot FO-multi-stage
column distillation hybrid system using NH 3 /CO 2 draw solution was employed to desalinate
highly saline wastewater from natural gas extraction [90]. The measured energy consumption
of this pilot-scale hybrid system was 275 kWh/m3 of product water, 57% less thermal energy
input than that estimated for a conventional evaporator operated in a comparable single stage.
On the other hand, MD, which is a thermally driven membrane process, has been widely
recognised as a potential draw solution recovery process [10, 11]. In the MD process, solar
thermal or low-grade heat can be utilised to increase the feed solution (i.e. the diluted draw
solution of the FO process) temperature for the extraction of water vapour across a
microporous membrane which then condenses to the liquid form. Several investigations have
been conducted to demonstrate the technological feasibility of the FO-MD hybrid system.
Wang et al. [141] employed a bench scale FO-MD hybrid system to treat highly viscous
protein solution where FO is employed for dewatering protein solutions while MD is used for
draw solution recovery. Another bench scale FO-MD hybrid system was used to treat acid
orange 8 solution [142] where the most efficient treatment was achieved when the water
transfer rate of the FO system matched that of the MD system. However, neither of the above
studies provided any details about their energy consumption. It is expected that renewable
energy sources, such as solar and geothermal heat, wind energy, could facilitate these FObased hybrid systems to further reduce their carbon and energy footprints.
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Potential benefits of the FO-based hybrid systems extend beyond better product water
quality and energy and cost savings. By using fewer treatment chemicals and prolonging the
life of treatment equipment, these FO-based hybrid systems improve the sustainability of
seawater desalination and wastewater reclamation that will be increasingly important
contributors to solving global water supply challenges.
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Table 2.7: Summary of FO-based hybrid systems
Category

Combination with
pressure driven
processes

Combination with
thermally driven
processes

Hybrid system description
Hybrid
Scale
Membrane
system
FO-RO

Bench

CTA

FO-RO

Pilot

CTA

FO-RO

Pilot

CTA

FO-NF

Bench

CTA

Hybrid system performance
Water flux
Declined by 28%
over 10-day
operation
Declined from 8 to
5 L/m2h during 40day operation
Declined from 6 to
3 L/m2h during 6day operation

Ref

Rejection

Energy consumption

N.A.

~1.5 kWh/m³ of product
water

[7]

N.A.

[80]

Economical water recovery
of
63%

[79]

N.A.

[135]

Equivalent to seawater RO
desalination

[136]

N.A.

[138]

Overall energy consumption
less than two-pass RO
seawater desalination

[6]

N.A.

~ 2.2 kJ per liter of permeate
water

[133]

Concentrated brine concentration
of 180 g/L TDS, and product
water with 300 mg/L TDS

275 kWh/m3 of product
water; 57% less thermal
energy input than that by a
conventional evaporator

[90]

more than 99% rejection of
almost all emerging organic
chemicals
Concentrations of all emerging
organic chemicals below
detection limit in product water.
TDS in product water less than
500 mg/L

2

FO-NF

Bench

CTA

FO-NF

Bench

CTA

FO-RO

Modelling

CTA

FO-RO

Modelling

CTA

FO-column
distillation

Pilot

TFC

10 L/m h for both
FO and NF
processes
Water flux varied
dependent on
fertilizer draw
solution
N.A.
7 (seawater feed)
to 11(brackish
water feed) L/m2h
water flux of
2.6 L/m2h with
water recovery of
64%
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TDS in product water of 114
mg/L
Nutrient concentrations in
product water decreased, while
most fertiliser draw solutions
acceptable for direct fertiliser.
Concentrations of boron and
chloride in product
water meet quality requirements
for agricultural irrigation

FO-MD

Bench

CTA

Water transfer rate
of 0.1 L/h

FO-MD

Bench

CTA

Water flux varied
from 8 to 25 L/m2h

FO-column
distillation

Modelling

CTA

N.A.

BSA in feed solution
concentrated from 1 g/L to 2.1
g/L in four hours.
Acid orange 8 in the feed
concentrated from 50 to 83 mg/L
in two hours

N.A.
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N.A.

[141]

N.A.

[142]

Energy savings compared to
current technologies, on an
equivalent work basis, range
from
72 to 85%.

[140]

2.4 CONCLUDING REMARKS
This chapter provides the rationale for FO being a promising technology to remove
emerging trace organic contaminants in the context of wastewater treatment and reclamation.
The occurrence of emerging trace organic chemicals is known to be a challenge to many
wastewater treatment and reclamation applications. Key factors governing the rejection of
emerging trace organic chemicals by FO have been summarised and discussed.
Developments of FO-based hybrid systems are highlighted as a significant alternative and a
paradigm shift from conventional wastewater treatment and reclamation in the near future.
The rejection behaviour of emerging trace organic contaminants by FO is significantly
governed by membrane properties, draw solution properties, key operating conditions and
membrane fouling. First, improvements in high performance membranes specifically
designed for FO not only offer a reasonably high water flux via alleviation of any ICP effect,
but also enhance the rejection of emerging trace organic contaminants; second, reverse
transport of draw solutes through the membrane enhanced solute – solute interaction where
the reverse diffusion of draw solutes hinder forward transport of feed solute, thereby
increasing feed solute rejection; in addition, optimization of key operating conditions,
including feed solution pH, membrane orientation and temperatures of feed and draw
solutions, could further increase the rejection of emerging trace organic contaminants by FO.
Furthermore, membrane fouling in FO, which has insignificant impact on water flux, notably
altered rejection of emerging trace organic contaminants. Based on a state-of-the-art
understanding of the FO process, the development and deployment of FO-based hybrid
systems will lead to a paradigm shift to carbon-neutral wastewater treatment and reclamation
processes. Resurgent of FO diversifies and advances technological solutions to wastewater
treatment and reclamation. Better rejection of emerging trace organic contaminants by FO
will satisfy ever more stringent water quality regulations. Lower energy and carbon footprints
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of FO-based hybrid systems are clearly important from sustainability and cost considerations.
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... But still try, for who knows what is possible
Michael Faraday

52

3.1 INTRODUCTION
Forward osmosis (FO) is one such novel membrane process that has the potential to
advance water and wastewater treatment [1, 2]. In FO, a semi-permeable membrane is placed
between a feed solution and a concentrated draw solution with high osmotic pressure. The
extraction of water is driven by the osmotic pressure difference and, at the same time, salt and
contaminants in the feed solution are being rejected by the FO membrane. To produce
freshwater, FO is usually combined with pressure-driven membrane processes, such as NF
and RO [3-5], or thermal processes, such as conventional column distillation [6, 7] and
membrane distillation [8, 9]. In these hybrid treatment systems, TrOCs in the feed are first
subjected to rejection by the FO membrane and then by the subsequent process that is used to
both concentrate the draw solution and produce freshwater, thereby providing a dual barrier
for TrOCs. Hence, it is of paramount importance to better elucidate the removal of TrOCs in
the FO process.
High removal efficiency of TrOCs by the FO process has been demonstrated in
several previous studies. Cartinella et al. [10] found a near complete rejection of three
hormones in FO. Cath et al. [11] reported the rejection of six TrOCs, ranging from 72%
(salicylic acid) to more than 99% (diclofenac). A comprehensive study on the removal of 23
TrOCs revealed that the rejection of charged TrOCs was consistently above 80%, whereas the
rejection of neutral TrOCs varied from 40 to 90% [12]. A similar observation was also
reported by Valladares Linares et al [13] when examining the removal of 13 TrOCs. Alturki
et al. [14] elucidated the mechanisms governing the rejection of 40 TrOCs compounds by FO,
indicating that the rejection of charged TrOCs is governed by both electrostatic interaction
and size exclusion, while rejection of neutral compounds is dominated by size exclusion.
It is noteworthy that to date most studies investigating the removal of TrOCs by the
FO process employed an asymmetric cellulose triacetate (CTA) membrane. Given the recent
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progress in the development of new membrane materials for FO applications, polyamide thinfilm composite (TFC) membranes have been recently introduced. These TFC membranes
have been reported to have higher water permeability and solute rejection compared to their
CTA counterparts [15-17]. As there are considerable differences between asymmetric CTA
and polyamide TFC membranes, it is worthwhile to systematically examine their rejection
performance and provide insights into the relationship between membrane properties and
TrOCs rejection.
In this chapter, we examine and compare the rejection of 12 TrOCs by an asymmetric
CTA and a polyamide TFC membrane as a function of permeate water flux. Key properties of
the CTA and TFC membranes were characterised to facilitate the understanding of their
TrOC rejection behaviour. The membrane pore hindrance transport model was used to predict
the rejection of the TrOCs as a function of permeate water flux and model predictions were
compared with the experimentally measured data. Rejection of TrOCs by the CTA and TFC
membranes was related to the membrane properties and mechanisms responsible for the
rejection of TrOCs were proposed and elucidated.
3.2 MATERIALS AND METHODS
3.2.1 Trace organic contaminants
Twelve TrOCs, frequently detected in secondary treated effluent and sewage-impacted
water bodies at trace levels, were used for this investigation. The TrOCs were selected to
cover a diverse range of properties including charge, hydrophobicity and molecular weight
(Table 3.1). A combined stock solution containing 1 g/L of each TrOC was prepared in
methanol. The stock solution was kept at −18 °C in the dark and was used within one month.
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Table 3.1: Key physicochemical properties of selected trace organic contaminants
Molecular
Diffusion
Log D a
pK a a
weight
coefficient b
(at pH 6.5)
(g/mol)
(×10-10 m2/s)
Sulfamethoxazole
253
-0.96
5.18
5.61
Diclofenac
Negative
296
1.77
4.18
5.16
Bezafibrate
362
-0.93
3.29
4.64
Amitriptyline
277
2.28
9.18
5.35
Positive
Trimethoprim
290
0.27
7.04
5.22
Caffeine
194
-0.63
0.52
6.46
Atrazine
216
2.64
2.27
6.10
Primidone
218
0.83
12.26
6.07
Carbamazepine
Neutral
236
1.89
13.94
5.82
Linuron
249
3.12
12.13
5.66
Pentachlorophenol
266
2.95
4.68
5.46
Triclosan
290
5.28
7.8
5.22
a
Values for pK a and log D were obtained from the SciFinder Scholar (ACS) database
b
Calculated using the Wilke and Chang equation [18] at 25 °C
c
Calculated using Stokes-Einstein equation
Compound

Charge
(at pH 6.5)

Stokes
radius c
(nm)
0.38
0.41
0.46
0.40
0.41
0.33
0.35
0.35
0.36
0.37
0.39
0.41

3.2.2 Forward osmosis and reverse osmosis systems
A bench-scale FO system consisting of a cross-flow membrane cell with a total
effective membrane area of 123.5 cm2 was employed. The membrane cell had two identical
and symmetrical flow chambers with length, width and channel height of 130, 95, and 2 mm,
respectively. The circulation flow rates of the feed and draw solutions were kept constant at 1
L/min (corresponding to a cross-flow velocity of 9 cm/s). The draw solution reservoir was
placed on a digital balance (Mettler Toledo Inc., Hightstown, NJ) and weight changes were
recorded by a computer to calculate the permeate water flux. A conductivity controller (ColeParmer, Vernon Hills, IL) was used to maintain a constant draw solution concentration when
inorganic salt was used as the draw solute. Further details of this conductivity control system
are available elsewhere [19].
A bench-scale RO system with a rectangular stainless-steel cross-flow cell was used to
characterise the membrane pore radius and membrane transport parameters. The RO
membrane cell had an effective membrane area of 40 cm2, with channel length, width and
55

depth of 100, 40 and 2 mm, respectively. The unit was equipped with a Hydra-Cell pump
(Wanner Engineering Inc., Minneapolis, MN). The temperature of the feed solution was kept
constant using a chiller/heater (Neslab RTE 7). Permeate flow was measured by a digital flow
meter (FlowCal 5000, Tovatech, South Orange, NJ).
3.2.3 Characterization of forward osmosis membranes
An asymmetric CTA and a polyamide TFC membrane were acquired from Hydration
Technology Innovations (Albany, OR) and Oasys Water (Boston, MA), respectively. The
CTA membrane is composed of a cellulose triacetate layer with an embedded woven support
mesh [1, 20]. The TFC membrane is made of a thin selective polyamide active layer on top of
a porous polysulfone support layer [21, 22].
3.2.4 Membrane transport parameters
Key membrane transport parameters were characterised following the protocol
previously described by Cath et al. [22], including pure water permeability coefficient of the
active layer, A, the salt (NaCl) permeability coefficient of the active layer, B, and the
structural parameter of the support layer, S. Briefly, the membrane A and B values were
determined using the RO cross-flow filtration system (section 3.2.2). The membrane A value
was measured at a pressure of 10 bar using deionised water. NaCl was then added to the feed
solution to determine the B value. The RO system was stabilised for two hours before
𝑁𝑎𝐶𝑙
recording permeate water flux with 2000 mg/L NaCl solution, 𝐽𝑤
, and taking feed and

permeate samples to determine the observed NaCl rejection, R o . Membrane The membrane A

𝑅𝑂
value was calculated by dividing the pure water permeate flux (𝐽𝑤
) by the applied hydraulic

pressure, ∆P:

A = J wRO ∆P

(1)
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The observed salt (NaCl) rejection, R o , was calculated from the difference between the
bulk feed (c b ) and permeate (c p ) salt concentrations, R o = 1 − c p /c b , and then the membrane B
value was determined from:

 J NaCl
 1 − Ro 
 exp − w
B = J wNaCl 
 k
f
 Ro 







(2)

where k f is the mass transfer coefficient for the cross-flow of RO membrane cell.
The mass transfer coefficient (k f ) was experimentally determined using the Sutzkover
et al. method [23]. Using the permeate and feed salt concentrations (and thus, the
corresponding osmotic pressures based on van’t Hoff equation, π p and π b , respectively), the
𝑅𝑂
), and the permeate flux with the 2000 mg/L
applied pressure (ΔP), the pure water flux (𝐽𝑤

𝑁𝑎𝐶𝑙
NaCl solution (𝐽𝑤
) enabled the evaluation of the salt concentration at the membrane

surface. This membrane surface concentration was used with thin-film theory for
concentration polarization to determine k f :
kf =

J wNaCl
 ∆P
ln 
 π b − π p


J NaCl
1 − wRO
Jw






(3)

The membrane structural parameter, S, was evaluated in the cross-flow FO setup
𝐹𝑂
(section 3.2.2). The water flux, 𝐽𝑤
, using a 0.5 M NaCl draw solution and deionised water

feed solution was measured with the membrane in FO mode (i.e., active layer facing the feed
solution). The membrane S value was determined using:

S=

Ds  B + Aπ D ,b 
ln
J wFO  B + J w + Aπ F ,m 

(4)

where D s is the bulk solution diffusivity of the draw solute, π D,b is the bulk osmotic
pressure of the draw solution, and π F,m is the osmotic pressure at the membrane surface on the
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feed side (zero for deionised water feed). The values of A and B in Eq. 4 were calculated
using Eqs. 1 and 2.
3.2.5 Membrane average pore radius
Erythritol, xylose, and glucose (Sigma-Aldrich, Saint Louis, MO) were used as the
reference organic solutes to estimate the membrane active layer effective pore size. The
solutes were individually dissolved in Milli-Q water to obtain a concentration of 40 mg/L (as
total organic carbon (TOC)). Prior to the RO filtration experiments with these reference
organic solutes, the membrane was pre-compacted at 18 bar for one hour and subsequent
experiments were conducted at 8, 10, 12, 14, and 16 bar with a cross-flow velocity of 25 cm/s.
At each pressure value, the RO filtration system was operated for one hour before taking
permeate and feed samples for analysis.
The membrane average pore radius was determined based on the pore hindrance
transport model previously described by Nghiem et al [24] for NF. In this model, the FO
membrane was considered as a bundle of cylindrical capillary tubes with the same radius. In
addition, we assumed that the spherical solute particles enter the membrane pores in random
fashion. It is noteworthy that the pore hindrance model was developed for neutral and nonadsorptive solutes. Thus, it may underestimate the rejection of charged organic compounds
and overestimate the rejection of hydrophobic organic compounds. In this model, the ratio of
solute radius (r s ) to the membrane pore radius (r p ), λ = r s /r p , is related by the distribution
coefficient φ when only steric interactions are considered:

ϕ = (1 − λ )2

(5)

The real rejection of the reference organic solutes (R r ) was determined from:

Rr = 1 −

ϕK c
cL
=1−
1 − exp(− Pe )(1 − ϕK c )
co
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(6)

where c o and c L are the solute concentration just outside the pore entrance and pore exit,
respectively; φ is the distribution coefficient for hard-sphere particles when only steric
interactions are considered; K c is the hydrodynamic hindrance coefficient for convection; and
P e is the membrane Peclet number defined as:

Pe =

K c J vl
K d Dε

(7)

here, K d is the hydrodynamic hindrance coefficient for diffusion, J v is the membrane
volumetric permeate flux, D is the Stokes-Einstein diffusion coefficient, l is the theoretical
pore length (i.e., active layer thickness), and ε is the effective porosity of the membrane active
later. Details on the calculations of P e , K c and K d are given elsewhere [24, 25]. The φK c and
φK d are two hindrance factors accounting for solute convection and diffusion, respectively.
These factors are significantly dependent on the ratio of solute radius (r s ) to the membrane
pore radius (r p ), λ.
The real rejection in Eq. 6 is linked to the observed rejection R o using the film theory
which accounts for concentration polarization:
ln

(1 − Rr ) = ln 1 − Ro  − J v
Rr



 Ro 

kf

(8)

where k f is the mass transfer coefficient and J v is the water permeate flux.
3.2.6 Membrane surface charge
The zeta potential of the membrane surface was determined using a SurPASS
electrokinetic analyser (Anton Paar GmbH, Graz, Austria). The value for each surface was
calculated from the measured streaming potential using the Fairbrother-Mastin approach [26].
All streaming potential measurements were conducted in a background electrolyte solution
containing 10 mM KCl. The same electrolyte solution was used to flush the cell thoroughly
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prior to pH titration using either hydrochloric acid (1 M) or potassium hydroxide (1 M). All
measurements were performed at room temperature (approximately 22 ºC).
3.2.7 Trace organic contaminant rejection experiment
The TrOC stock solution was added to a background electrolyte solution (20 mM NaCl
and 1 mM NaHCO 3 ) to obtain a feed solution concentration of 2 µg/L. Either HCl (1 M) or
NaOH (1 M) was used to adjust the initial pH value of the feed solution.
In FO experiments, the initial volumes of the feed and draw solutions were 4 and 1 L,
respectively. The feed and draw solutions were kept at 25 ± 0.1 °C using a temperature
controller (Neslab RTE 7). A new FO membrane sample was used for each experiment,
which was concluded when 1 L water had permeated through the FO membrane (i.e., 25%
water recovery). The reverse solute flux of NaCl was determined using electric conductivity
measurements and an NaCl calibration curve. A 500 mL aliquot of sample from the feed and
draw solutions were taken at the beginning and after 1 L water had permeated through the FO
membrane for solid phase extraction (SPE) using Oasis HBL SPE cartridge and subsequent
liquid chromatography-mass spectrometry (LC-MS) analysis.
3.2.8 Analysis of trace organic contaminants
The TrOC concentrations in the feed and draw solution samples were determined by LCMS using an electrospray ionization interface. The analysis was conducted in selective ion
monitoring mode using a Shimadzu LC-MS 2020. Further details on the TrOC analytical
method can be found in a previous publication [27].
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3.3 RESULTS AND DISCUSSION
3.3.1

Membrane properties

3.3.1.1. Transport parameters
Transport parameters of the CTA and TFC membranes are summarized in Table 3.2.
The CTA membrane was found to have a lower pure water permeability coefficient (A value)
and a higher structural parameter (S value) than the TFC membrane. As a result, using a 0.5
M NaCl draw solution and deionised water feed, the obtained average water fluxes of the
CTA and TFC membranes were 5.4 and 15.1 L/m2h, respectively. Furthermore, the salt (NaCl)
permeability coefficient of the CTA membrane was significantly higher than that of the TFC
membrane (Table 3.2). Consequently, the reverse NaCl flux of the CTA membrane (82.7
mmol/m2h) was one order of magnitude higher than that for the TFC membrane (5.5
mmol/m2h) under the same operating conditions.
Table 3.2: Pure water permeability coefficient, salt (NaCl) permeability coefficient and
membrane structural parameter (average ± standard deviation from duplicate experiments)
Membrane
Pure water permeability coefficient, A (L/m2hbar)
Salt (NaCl) permeability coefficient, B (L/m2h)
Membrane structural parameter, S (mm)

CTA
0.65 ± 0.027
0.25 ± 0.07
0.67 ± 0.13

TFC
4.7 ± 0.16
0.16 ± 0.03
0.52 ± 0.11

3.3.1.2.Surface charge
Zeta potential measurements suggested that the surface of the TFC membrane was
significantly more negatively charged than that of the CTA membrane at an experimental pH
of 6.5 (Figure 3.1). The highly negatively charged surface of the TFC membrane can be
attributed to the dissociation of free or uncross-linked carboxylic functional groups of the
polyamide active skin layer [28]. On the other hand, the predominant functional group on the
CTA membrane surface is hydroxyl [29], which can only be deprotonated at high pH.
Tiraferri and Elimelech [30] measured the distribution of negatively charged functional
groups of the CTA membrane using the toluidine blue O method and reported that the number
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of negatively charged functional groups was negligible. Indeed, the marginal negative charge
of the CTA membrane observed in Figure 3.1 can be attributed to preferential adsorption of
anions, such as chloride and hydroxide, onto the membrane surface [31, 32].
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Figure 3.1: Zeta potential of the CTA and TFC membranes as a function of solution pH.
Measurements were carried out at 22 °C and a background electrolyte solution containing 10
mM KCl. Error bars represent a standard deviation from four replicate measurements using
two membrane samples.
3.3.1.3.Average pore radius and active layer structure
Real rejection (R r ) of each reference organic solute was determined from observed
rejection (R o ) by accounting for concentration polarization effects using Eq. 7 and the mass
transfer coefficient calculated from Eq. 3. The real rejections obtained at different permeate
fluxes were used to calculate the membrane average membrane pore size based on the
membrane pore hindrance transport model presented earlier (Eq. 6). The parameters φK c and
P e /J v are uniquely related to R r . Thus, they could be determined by fitting the reference
organic solute rejection data to the model (Eq. 6) using an optimization procedure (Solver,
Microsoft Excel). Because the parameters φK c and P e /J v can be expressed as a sole function
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of the variable λ (which is the ratio of solute radius (r s ) to membrane pore radius (r p )), λ can
be obtained for each reference organic solute and the membrane. The membrane average pore
radius was then calculated for each reference solute rejection data. The membrane active
layer structure indicated by the l/ε value could also be determined from the values of φK c ,
P e /J v , and the diffusion coefficient of the reference organic solute. The obtained average pore
radii and the l/ε values of each membrane are shown in Table 3.3.
Table 3.3: Calculated average membrane pore radii (r p ) and structural factors (l/ε) values of
the CTA and TFC membrane active layers
Reference organic
solute
Erythitol
Xylose
Glucose

Erythitol
Xylose
Glucose

Solute size
λ=r s /r p
r s (nm)
CTA membrane
0.26
0.79
0.29
0.76
0.32
0.80
Average
TFC membrane
0.26
0.63
0.29
0.69
0.32
0.75
Average

Pore radius
r p (nm)

l/ε (µm)

0.33
0.38
0.40
0.37

0.08
0.21
0.07
0.11

0.41
0.42
0.43
0.42

3.48
1.84
1.03
2.12

For each membrane, the pore radii obtained from the three reference organic solutes
only slightly deviate from one to another. Results reported in Table 3.3 show that the average
pore radius of the CTA membrane is smaller than that of the TFC membrane. In general
agreement with their comparative average pore size, the CTA membrane had a smaller water
permeability coefficient (Table 3.2) and lower reverse draw solute flux and permeability
(Table 3.4) in comparison to the TFC membrane when MgSO 4 or glucose was used as draw
solute. On the other hand, the active layer structural characteristic value, l/ε, of the TFC
membrane was one order of magnitude higher than that of the CTA membrane (Table 3.3).
This significant difference in the active layer structure could result in a higher hindrance to
solute transport by the TFC membrane compared to the CTA membrane [24, 33]. In addition,
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the TFC membrane pores are hydrated due to the existence of charged functional groups
within its polyamide active layer [34]. Such adsorption of water molecules within the
membrane pore (i.e., the hydration of the membrane pore) could narrow the effective
membrane pore size, thereby enhancing the solute hindrance. As a result, both the active layer
structure and pore hydration likely play an important role in feed solute transport through the
membrane. Indeed, the TFC membrane active layer with higher solute hindrance and
narrowed membrane pore exhibited better separation performance (i.e., lower B value and
reverse NaCl flux) compared with the CTA membrane. This hypothesis will be further
examined by comparing the rejection of TrOCs by the CTA and TFC membranes in the
following section.
Table 3.4: Reverse solute fluxes and permeabilities of the CTA and TFC membranes using
different draw solutions

Draw solution
0.5 M NaCl
2.5 M MgSO 4
3 M glucose
3.3.2

Reverse draw solute flux
(mmol/m2h)
TFC
CTA membrane
membrane
5.5
82.7
2.9
0.75
1.5
0.67

Reverse draw solute permeability
(× 10-6 m2/s)
TFC
CTA
membrane
membrane
3.06
45.95
0.32
0.083
0.14
0.062

Rejection of trace organic contaminants

3.3.2.1 General behaviour
Observed rejections of charged and neutral TrOCs by either the CTA or TFC
membranes were markedly different for FO experiments at the same permeate water flux of 6
L/m2h (or 1.68 µm/s) (Figure 3.2). Although the chemistry and intrinsic properties of the
CTA and TFC membranes are different, rejection of charged TrOCs by both membranes were
generally higher than those of neutral TrOCs, which is consistent with previous studies [13,
14, 35]. These charged TrOCs may be rejected by both size exclusion and electrostatic
repulsion arising from their hydrated molecular dimension and the negative surface charge of
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the membranes. On the other hand, there was no discernible difference in the rejection of
charged TrOCs by the two membranes. Further, the TFC membrane exhibited substantially
higher rejection of neutral TrOCs than the CTA membrane, despite its larger membrane pore
size (Table 3.3). This observation was consistent with our hypothesis proposed in section
3.3.1 that the hydrated membrane pore surface induced by the existence of surface charge
narrowed the effective membrane pore size, thereby enhancing the steric hindrance and
resulting in better separation performance. This hypothesis will be further elaborated using
the membrane pore hindrance transport model for a wide range of permeate water flux values
in the following section.
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Figure 3.2: Rejection of 12 TrOCs by the CTA and TFC membranes in FO. The molecular
weight of each TrOC is indicated by the open diamond symbols. Experimental conditions:
feed solution contained 2 µg/L of each 12 TrOC in a background electrolyte (1 mM NaHCO 3
and 20 mM NaCl), and draw solutions for the CTA and TFC membranes were 0.5 M and 0.15
M NaCl, respectively, in order to generate the same water flux of 6 L/m2h. Temperatures of
feed and draw solutions were 25 ± 0.1°C. Cross-flow rates of feed and draw solutions were 1
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L/min (corresponding to cross-flow velocity of 9 cm/s). Error bars represent the standard
deviation from four replicate measurements from two duplicate experiments.

3.3.2.2 Modelling the rejection of trace organic contaminants
The calculated membrane pore radii (Table 3.3) and the molecular radius of each
compound can be used to simulate the rejection of TrOCs as a function of permeate water
flux based on the membrane pore hindrance transport model (see section 3.2.5). This model
was found to describe very well the real rejection of TrOCs by both the CTA and TFC
membranes. Overall, the real rejection of TrOCs by both membranes increased as permeate
flux increased, consistent with the phenomenon observed in pressure driven NF and RO
processes [24].
Real rejections of charged TrOCs were above 90% for both CTA and TFC membranes
(Figure 3.3). For negatively charged TrOCs, electrostatic repulsion arising from the negative
surface charge of the membranes played an important role in their rejection. For example,
despite similar molecular weight of sulfamethoxazole and linuron, real rejection of the
negatively charged sulfamethoxazole (0.90 by CTA membrane, 0.98 by TFC membrane) was
substantially higher than the neutral linuron (0.59 by CTA membrane, 0.82 by TFC
membrane). More significantly, there was marginal difference in real rejection of negatively
charged TrOCs as their molecular weight increased. In aqueous solution, the charged TrOCs
are hydrated and their hydrated radii are significantly larger than their apparent ionic radii
[36]. As a result, steric hindrance also governs the separation of both negatively and
positively charged TrOCs. In summary, both electrostatic repulsion and steric hindrance
govern the rejection of charged TrOCs in FO, thereby resulting in their high rejection.
Generally, the TFC membrane exhibited higher rejection of hydrophilic neutral
(caffeine and atrazine) and hydrophobic neutral (linuron and pentachlorophenol) TrOCs with
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low molecular weights (Figure 3.4). As the molecular weight increased, there was no
discernible difference in the rejection of neutral hydrophilic and hydrophobic TrOCs by either
the CTA or TFC membranes. This molecular-weight dependent rejection behaviour suggests
that steric hindrance governs the rejection of neutral TrOCs in an FO process. However, it is
noteworthy that despite its larger effective pore size compared to that of the CTA membrane,
the TFC membrane exhibited higher rejection of neutral TrOCs with low molecular weight
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Figure 3.3: Real rejection of the charged trace organic contaminants as a function of
permeate water flux by the CTA and TFC membranes. The symbols represent experimental
data for the specific trace organic contaminant, while the solid lines represent the membrane
pore hindrance transport model predictions with the optimized parameters listed in Table 3.3.
Other conditions are as detailed in Figure 3.2.
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Figure 3.4: Real rejection of the neutral trace organic contaminants as a function of permeate
water flux by the CTA and TFC membranes. The symbols represent experimental data for the
specific trace organic contaminant, while the solid lines represent the membrane pore
hindrance transport model predictions with the optimized parameters listed in Table 3.2.
Other conditions are as described in Figure 3.2.
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3.3.2.3 Relating trace organic rejection to membrane properties
Structure of the membrane active layer plays an important role in the rejection of TrOCs.
Active layer structures of the CTA and TFC membranes investigated here differed
significantly. The TFC membrane has a higher l/ε parameter and thus exhibits higher
hindrance to TrOC diffusion in comparison to the CTA membrane. The higher solute
hindrance of the TFC membrane is also consistent with its lower B value, which can be
described by the “solution–diffusion” mechanism in the FO process [12, 37].
Pore hydration induced by membrane surface charge also attributed to the higher TrOC
rejection by the TFC membrane. Pore hydration exists in both CTA and TFC membranes and
the negatively charged membrane pore surface can be hydrated. In other words, a layer of
water molecules is permanently attached to the negatively charged membrane surface via
hydrogen bonding [34]. However, the degrees of pore hydration of the CTA and TFC
membranes were different when they are operated in FO mode because of the difference in
reverse NaCl permeation (Figure 3.5). Specifically, the CTA membrane possessed less
surface charge (Figure 3.1) and obtained an order of magnitude higher reverse NaCl flux in
comparison with the TFC membrane (Table 3.4). Thus, pore hydration of the CTA membrane
was substantially compressed due to the elevated ionic strength in membrane pore [36]. By
contrast, the TFC membrane has a much lower reverse NaCl salt flux due to a higher
membrane surface charge in comparison to the CTA membrane. Thus, TFC membrane pores
remain highly hydrated in FO mode, resulting in a higher TrOC rejection when compared to
the CTA membrane.
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Figure 3.5: A conceptual illustration of the role of surface charge in enhancing solute
rejection in an FO process. The estimated membrane pore radii and hydration layer of the
CTA and TFC membranes are illustrated on left-hand column; the role of surface charge that
hydrated membrane pore in FO was shown on right-hand column.

Results reported here have significant implications for the fabrication of next
generation FO membranes. The separation performance of FO membranes could be improved
substantially by tuning both the active layer structure and surface charge. Fabricating an
active layer with superior transport properties is important in achieving better TrOC
rejections [38], such as high A and low B values, and high l/ε value. Imparting surface charge
to the membrane could offer enhanced steric hindrance without compromising water diffusion.
In a recent study, Flanagan and Escobar [39] modified a neutral polybenzimidazole based
membrane using different functional agents to impart negative surface charges and reported
higher water flux and better NaCl rejection than unmodified PBI membrane. However, the
possible detrimental effects of carboxyl groups on the membrane resistance to organic fouling
should be considered [40], which requires optimization of charge density and type of
functional groups.
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3.4 CONCLUSIONS
We have systematically characterised key properties of the CTA and TFC membranes
and compared their rejection of 12 TrOCs as a function of permeate flux using the membrane
pore hindrance transport model. The TFC membrane has a higher A value, lower B and S
values and higher surface charge than those of the CTA membrane. As a result, the TFC
membrane exhibited a higher water flux and lower reverse NaCl flux than the CTA
membrane. More importantly, the calculated membrane pore radii of the CTA and TFC
membranes were 0.37 and 0.42 nm, respectively. The calculated active layer structure factor,
l/ε, of the CTA and TFC membranes were 0.11 and 2.12 µm, respectively.
The pore hindrance transport model can be used to describe the rejection of TrOCs by the
FO process. Rejection of charged TrOCs by both the CTA and TFC membranes was
generally high and was governed by both electrostatic interaction and steric hindrance. In
contrast, the TFC membrane exhibited higher rejection of neutral TrOCs with low molecular
weight than the CTA membrane, albeit that the TFC membrane pore size was larger than that
for the CTA membrane. We attribute the observed higher rejection of neutral TrOCs by the
TFC membrane to a more favourable active layer structure as indicated by the larger active
layer thickness to porosity ratio parameter, l/ε, and the negative membrane surface charge that
induced pore hydration.
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Experiment is the servant of curiosity
Michael Faraday
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4.1 INTRODUCTION
Forward osmosis (FO) has recently re-emerged as a potential technology that can
improve the energy efficiency of water purification [1]. In FO, clean water is extracted from a
contaminated feed under an osmotic pressure gradient generated by the draw solution.
Membrane fouling in the FO process has been shown to be less severe and more reversible
than that with nanofiltration (NF) and reverse osmosis (RO) processes [2-6]. Even when
membrane fouling does occur, it is largely reversible and can be easily controlled by a simple
physical cleaning technique such as increasing the shear force (cross flow velocity) at the
membrane surface [6]. Consequently, there have been several successful demonstrations of
FO for the treatment of wastewater with high fouling propensity with no or limited
pretreatment, such as landfill leachate [7], anaerobic digester concentrate [8], activated sludge
solution [9, 10], and domestic wastewater [11, 12].
Cath et al. [13] proposed a novel hybrid system that combined the FO and RO
processes for simultaneous water reuse and seawater desalination. In this hybrid system,
domestic wastewater is first treated by an FO membrane and clean water is transported into a
seawater draw solution. The diluted draw solution is subsequently desalinated by RO to
produce clean water. This novel approach provides a double treatment barrier particularly for
trace organic contaminants with a potentially lower energy footprint compared to current
practice [14, 15]. Another system that combines FO and RO processes is the osmotic MBR [9,
16]. In this process, the wastewater passes through two semipermeable membranes in the FO
processes and the RO process that used to separate and recycle the draw solution, thus
providing a dual barrier for trace organic contaminants. Hence, it is of paramount importance
to better understand the removal of trace organic contaminants in the FO process and
compare the removal behaviour to that of RO.
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The structure of the selective barrier of FO membranes is similar to that of RO
membranes. However, the filtration behaviour of FO and NF/RO may not be the same
because these processes operate in two distinctive filtration modes: one is osmotically driven
while the other is hydraulic pressure driven. Significant differences in membrane fouling
between FO and RO modes have been noticed. Lee et al. [5] compared the fouling behaviours
in FO and RO modes, and reported that the thickness and compactness of the fouling layers
during FO and RO filtration were significantly different. Mi and Elimelech [6] reported that
the fouling layer formed in the FO process was loose and could be easily removed by
increasing shear force. Therefore, it hypothesized herein that the solute mass transfer
characteristics in FO and RO may not be the same, thereby influencing the separation
behaviours of trace organic contaminants in FO and RO.
In this chapter, we compare the separation of hydrophobic trace organic contaminants
by a commercially available FO membrane in the FO and RO modes at the same permeate
flux. The mean effective pore size of the membrane was estimated to facilitate the
understanding of separation behaviour using reference organic solutes and the steric
hindrance pore transport model. Adsorption of the hydrophobic trace organic contaminants to
the membrane was quantified and related to their rejection in the FO and RO modes. Solute
mass transfer in the FO and RO modes was compared and delineated to elucidate the
mechanisms governing the removal of trace organic contaminants in FO and RO modes.
4.2 MATERIALS AND METHODS
4.2.1 Forward osmosis membrane and membrane characterization
An asymmetric FO membrane acquired from Hydration Technologies Innovation
(HTI, Albany, OR) was used in this investigation. The FO membrane, embedded in a
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polyester mesh for mechanical support, has a dense, moderately hydrophilic cellulose
triacetate active layer. More details on the FO membrane are provided elsewhere [1, 17].
Contact angle measurement was conducted by a Rame-Hart goniometer (Model 250,
Rame-Hart, Netcong, NJ) using the standard sessile drop method. Room temperature was
maintained at 21-22 °C during the measurement. An FO membrane coupon was submerged
into Milli-Q water and shaken overnight before drying in a desiccator for contact angle
measurement. Contact angles on both sides of the membrane were measured. At least ten
droplets on each membrane sample were analysed.
4.2.2 Representative trace organic contaminants
Bisphenol A (endocrine disrupting compound), triclosan (antibacterial and antifungal
agent), and diclofenac (non-steroidal anti-inflammatory drug) were selected as representative
hydrophobic trace organic contaminants. These hydrophobic compounds are ubiquitous trace
organic contaminants in secondary treated effluent and non-potable recycled water. They
were selected primarily because of their suitable molecular dimensions and physicochemical
properties to provide variable ‘solute-membrane’ interactions and subsequent removal
behaviour. Their key physicochemical properties and molecular structures are presented in
Table 4.1. The compounds were purchased from Sigma–Aldrich (St. Louis, MO) and their
reported purity is 99% or higher. The trace organic contaminants were first dissolved in pure
methanol to make up stock solutions of 2 g/L. The stock solutions were stored at –18 °C and
were used within one month.
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Table 4.1: Key physicochemical properties of bisphenol A, triclosan, and diclofenac.
Compound

Bisphenol A

Triclosan

Diclofenac
O

OH

Cl
HO

O

Molecular structure

Cl
H
N

HO

OH

Cl

Cl
Cl

Molecular weight
(g/mol)
pK a a
Log D (at pH 7) a
Log K ow a
Molecular Height
dimension Length
(nm) b
Width

228.3

289.5

296.2

10.3
3.64
3.64
0.383
1.068
0.587

7.8
5.28
5.34
0.693
1.419
0.748

4.18
1.77
4.55
0.354
0.829
0.700

a

SciFinder Scholar, data calculated using Advanced Chemistry Development (ACD/Labs) Software
V8.14 for Scholaris (1994-2007 ACD/Labs)
b
Calculated using Molecular Modelling Pro Version 6.25 (ChemWS)

4.2.3 Forward osmosis and reverse osmosis laboratory systems
FO experiments were conducted using a closed-loop bench-scale FO membrane
system (Figure S4.1, Appendix, page 108). The membrane cell was made of acrylic plastic
and had channel dimensions of 13 cm long, 9.5 cm wide, and 0.2 cm deep. The total effective
membrane area was 123.5 cm2.
Two variable speed gear pumps (Micropump, Vancouver, WA) were used to circulate
the feed and draw solutions. Flow rates of the feed and draw solutions were monitored using
rotameters and kept constant at 1 L/min (corresponding to a cross-flow velocity of 9 cm/s).
The draw solution reservoir was placed on a digital balance (Mettler Toledo Inc., Hightstown,
NJ) and weight changes were recorded by a computer to calculate the permeate water flux.
The conductivity of the draw solution was continuously measured using a conductivity probe
with a cell constant of 1 cm-1 (Cole-Parmer, Vernon Hills, IL). To maintain constant draw
solution concentration, a peristaltic pump was regulated by a conductivity controller to
intermittently dose a small volume of a concentrated draw solution (6 M of NaCl or 4 M
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MgSO 4 depending on the draw solution type) into the draw solution reservoir (control
accuracy was ± 0.1 mS/cm). The concentrated draw solution makeup reservoir was also
placed on the same digital balance. This setup ensured that the transfer of liquid between the
two reservoirs did not interfere with the measurement of permeate water flux and that the
system could be operated at a constant osmotic pressure driving force during the experiment.
Manual control of draw solution concentration was applied when neutral glucose was used as
draw solute in the FO experiment. A concentrated glucose (6 M) was manually added into the
draw solution reservoir every two hours to minimize the dilution of the draw solution and the
decline of osmotic pressure driving force.
A laboratory-scale cross-flow RO system with a rectangular stainless-steel crossflow
cell was used in this study (Figure S4.2, Appendix, page 108). The cell had an effective
membrane area of 40 cm2 (4 cm × 10 cm) with a channel height of 0.2 cm. The unit was
equipped with a Hydra-Cell pump (Wanner Engineering Inc., Minneapolis, MN). The
temperature of the feed solution was kept constant using a chiller/heater (Neslab RTE 7)
equipped with a stainless steel heat exchanger coil, which was submerged into a stainless
steel reservoir. Permeate flow was measured by a digital flow meter (Optiflow 1000, Agilent
Technologies, Palo Alto, CA) connected to a PC, and the cross flow rate was monitored using
a rotameter.
4.2.4 Characterisation of membrane pore size
Three reference organic solutes, namely erythritol, xylose, and glucose (SigmaAldrich, Saint Louis, MO), were employed to estimate the mean effective pore size of the
membrane. A feed solution containing 40 mg/L (as total organic carbon, TOC) of each
organic solute in Milli-Q water was used. The membrane was pre-compacted at 18 bar for 1
hour in the RO system, and experiments were conducted at pressure of 8, 10, 12, 14, and 16
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bar at a constant cross-flow velocity of 25 cm/s. After adjusting the pressure, the cross-flow
RO filtration system was run for 1 hour before taking permeate and feed samples for analysis.
We used the Pore Transport Model that incorporates steric (size) exclusion and
hindered convection and diffusion to estimate the membrane pore size from the rejection data
of the reference organic solutes [18-20]. In this model, the ratio of solute radius (r s ) to the
membrane pore radius (r p ), λ = r s /r p , is linked by the distribution coefficient φ when only
steric interactions are considered:

φ = (1- λ) 2

(1)

The real rejection of the reference organic solutes (R r ) is determined from:

Rr = 1-

φK c
cL
= 1co
1- exp ( -Pe )( 1- φK c )

(2)

where c o and c L are the solute concentration just outside the pore entrance and pore
exit, respectively; P e is the membrane Peclet number; φ is the distribution coefficient for
hard-sphere particles when only steric interactions are considered; and K c is the
hydrodynamic hindrance coefficient. Details on the calculation of P e and K c are given
elsewhere [18, 21].
The real rejection in Equation (2) relates to the solute permeate concentration at the
membrane surface, which is different from the bulk concentration due to concentration
polarization. We applied film theory to account for concentration polarization, and relate the
observed rejection R o to the real rejection by:
ln

( 1- Rr ) = ln ( 1- Ro ) - J v
Rr

Ro

(3)

kf

where k f is the mass transfer coefficient, and J v is the volumetric permeate flux.
The mass transfer coefficient (k f ) was experimentally determined using the method
described by Sutzkover et al. [22]. Experiments were first conducted at a crossflow velocity
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of 25 cm/s by measuring the pure water flux, followed by adding NaCl into the feed reservoir
to make up a feed salt concentration of 2000 mg/L, and measuring the permeate water flux
and permeate salt concentration. This protocol was carried out at two different applied
pressures of 10 and 16 bar. Knowing the permeate and feed salt concentrations (and thus, the
corresponding osmotic pressures based on van’t Hoff equation, π p and π b , respectively), the
applied pressure (ΔP), the pure water flux (J w ), and the permeate flux with the 2000 mg/L
NaCl solution (J salt ) enables the evaluation of the salt concentration at the membrane surface.
This membrane surface concentration is used in the film model for concentration polarization
to determine the mass transfer coefficient [22]:
kf =

J salt
 ΔP  J salt
ln 
 1Jw
 πb - π p 

(4)



 

To estimate the membrane pore size, the following optimization process was applied.
First, the parameters φK c and Pe/J v that are uniquely related to R r , were determined by fitting
the reference organic solute rejection data to the model (Equation 2) using an optimization
procedure (Solver, Microsoft Excel). The parameters φK c and Pe/J v are a function of solely
the variable λ (ratio of solute radius to membrane pore radius, r s /r p ) and thus were used to
obtain λ for each organic solute and the membrane. With the determined value of λ and the
given solute radius r s , the membrane average pore radius was readily calculated for each
reference organic solute rejection data.
4.2.5 Trace organic contaminant rejection experiments
Bisphenol A, triclosan, or diclofenac were spiked into a background electrolyte solution
(20 mM NaCl and 1 mM NaHCO 3 ) to obtain a feed solution concentration of 500 µg/L of one
specific trace organic contaminant. Either HCl (1 M) or NaOH (1 M) was introduced into the
feed tank to adjust the initial pH value of the feed solution to pH 7. Analytical grade NaCl,
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MgSO 4 , and glucose (Fisher Scientific, Pittsburgh, PA) were used to prepare the draw
solutions in Milli-Q water.
For the FO experiments, the initial volumes of the feed and draw solutions were 4 L and
1 L, respectively. The draw solutions used for the various experiments were 0.5 M NaCl, 3 M
glucose, or 2.5 M MgSO 4 . Temperatures of the feed and draw solutions were kept constant at
25±1 °C using a temperature control unit (Thermo Fisher Scientific, Waltham, MA). A new
FO membrane coupon was used for each experiment. Approximately 1 mL of samples from
both the feed and draw solutions were taken at specific time intervals for HPLC analysis.
For the RO experiments, the initial volume of the feed solution was 4 L. The
temperature of the feed solution was kept constant at 25 ± 1 °C using a chiller/heater (Neslab
RTE 7). The membrane was pre-compacted at 18 bar with deionised water for one hour prior
to trace organic contaminant rejection experiments. To simulate a similar flux pattern as that
in the FO mode, the permeate in the RO mode was not recirculated into the feed reservoir.
Experiments were conducted at a constant permeate flux (corresponding to an operating
pressure of 10 bar) and at a constant cross-flow velocity of 25 cm/s.
The rejection of trace organic contaminants in the RO is defined as
R RO= (1 −

Cp(t )
Cf (t )

(5)

)100%

where, C p(t) and C f(t) are the concentration of target solute in the permeate and feed
solution at time t, respectively. Unlike the RO process, the permeate concentration in the FO
process is diluted by the draw solution. Hence, the actual (corrected) concentration of the
target solute, C s(t) , can be obtained by taking into account the dilution using a mass balance:
Cs(t ) =

Cds(t ) Vds(t ) − Cds(t −1) Vds(t −1)
Vw (t )
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(6)

Here, V w(t) is the permeate volume of water to the draw solution at time t, V ds(t-1) is the
volume of draw solution at time (t-1), V ds(t) is the volume of draw solution at time t, C ds(t) is
the measured concentration of target solute in the draw solution at time t, and C ds(t-1) is the
measured concentration of target solute in the draw solution at time (t-1). Subsequently, the
solute rejection is calculated using the actual permeate concentration, yielding:
R FO= (1 −

Cs(t )
Cf (t )

(7)

)100%

where C f(t) is the concentration of the target solute in the feed solution at t time.
The amount of trace organic contaminant adsorbed to the membrane was
experimentally determined using an extraction procedure. At the completion of each FO or
RO experiment, the membrane was removed from the membrane cell. Excess liquid on the
membrane surface was allowed to drain off by gently tilting the membrane coupon. A predetermined size of membrane coupon (2.5 cm × 3 cm) was submerged in 10 mL of pure
methanol in a sealed conical flask, which was placed on a shaker at a speed of 120 rpm at
20 °C for 12 hours. Aliquot sample of approximately 1 mL was taken at the end of the
extraction procedure for HPLC analysis to quantify the amount of trace organic contaminant
adsorbed onto the membrane. The amount of trace organic contaminant absorbed to the
membrane was also determined by a mass balance calculation.
The reverse flux of draw solute in FO mode was determined using mass balance
calculation:

J salt =

( Ct Vt − C0 V0 )

(8)

At

where C 0 and C t are the concentration of the draw solute in the feed at time 0 and t,
respectively; V 0 and V t are the volume of the feed at time 0 and t, respectively; A is the
membrane area, and t is the operating time of the FO experiment. Draw solute concentrations
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of NaCl and MgSO 4 in the feed solution were determined using electric conductivity
measurement based on the calibration curves of NaCl and MgSO 4 , and that of glucose was
determined using TOC measurement.
4.2.6 Analytical methods
A Shimadzu TOC analyser (TOC-V CSH ) was used to analyze the permeate
concentration of the reference organic solutes. Concentration of glucose in the feed solution
was also measured for the calculation of the reverse draw solute flux using the same TOC
analyser. For trace organic contaminants rejection experiments, a Shimadzu HPLC system
(Shimadzu, Kyoto, Japan) equipped with a Supelco Drug Discovery C-18 column (with
diameter, length, and pore size of 4.6 mm, 150 mm, and 5 µm, respectively) and a UV–Vis
detector was used to measure the concentrations of the trace organic contaminants in the feed
and permeate (or draw solution) samples. A detection wavelength of 280 nm was employed.
The mobile phase used for gradient elution was Milli-Q water buffered with 25 mM KH 2 PO 4
and acetonitrile, and was delivered at 1 mL/min through the column. Calibration generally
yielded standard curves with coefficients of determination (R2) greater than 0.99 within the
range of experimental concentrations used. The analysis was carried out immediately upon
the conclusion of each experiment. A sample injection volume of 50 µL was used considering
the salt tolerance of the C18 column. The quantification limit for all the analytes under
investigation using these conditions was approximately 10 µg/L.
4.3 RESULTS AND DISCUSSION
4.3.1 Membrane pore size
Real rejection (R r ) of the reference organic solutes by the membrane at different
permeate fluxes (Figure S4.3, Appendix, page 109) was obtained from observed rejection (R o )
by accounting for concentration polarization (Eq. 3). The real rejections data of the reference
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organic solutes were used to estimate the mean effective membrane pore size using the
membrane pore transport model (Eq. 2). The mean effective membrane pore radius was
determined to be 0.37 nm (equivalent to the mean effective membrane pore size of 0.74 nm)
based on the obtained λ and molecular radii of three reference organic solutes (Table 4.2).
The pore size of the membrane is comparable to that of a “tight” nanofiltration
membrane such as the NF 90. Using the same membrane pore transport model, the average
pore radius of the NF 90 was determined to be 0.34 and 0.38 nm by Nghiem et al. [25] and
López-Muñoz et al. [26], respectively. In comparison, the membrane has a considerably
smaller pore radius than “loose” NF membranes, such as the NF 270 with a pore radius of
0.42 – 0.44 nm [18, 19] and the BQ01 with a pore radius of 0.80 nm [23]. Based on the pore
transport model, rejection of trace organic contaminants by the HTI FO membrane is
expected to be higher than that of a typical NF membrane.
It is noteworthy that the active layer of the HTI FO membrane is made of cellulose
triacetate whereas the skin layer of most commercially available NF and RO membranes is
made of polyamide or its derivatives. Therefore, the intrinsic separation property of the FO
membrane may differ from that of a typical NF membrane. In fact, the HTI FO membrane has
a much lower permeability and a slightly higher NaCl rejection in comparison to most NF
membranes [5, 24, 25]. The measured pure water permeability and NaCl rejection of the HTI
FO membrane measured in the RO mode were 1.1 L/m2hbar and 92.8%, respectively. In
comparison, it was reported that the pure water permeability and NaCl rejection of the NF90
(which is known to be a tight NF membrane) were 6.4 L/m2hbar and 85%, respectively [26].
The estimated mean effective membrane pore size allows for a systematic
investigation of the transport behaviours of the three selected hydrophobic trace organic
contaminants. It is noted that the molecular width of both bisphenol A and diclofenac (Table
4.1) is smaller than the membrane pore size, while that of triclosan (Table 4.1) is larger than
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the membrane pore size. In the following section, we explored the different removal
behaviours of these hydrophobic compounds in the FO and RO modes.
Table 4.2: Estimated mean effective membrane pore radius obtained from reference organic
solute experiments
Organic solute

Stokes radiusa
r s (nm)

λ=r s /r p

Erythritol
Xylose
Glucose

0.26
0.29
0.32
Average
a
Calculated using the Stokes-Einstein equation

0.79
0.76
0.80

Mean effective
membrane pore radius
r p (nm)
0.33
0.38
0.40
0.37

4.3.2 Removal behaviour of hydrophobic trace organics in FO and RO modes
4.3.2.1 Bisphenol A
Bisphenol A is a hydrophobic compound with a distribution coefficient (log D) value
of 3.64 (at experimental pH of 7) (Table 4.1). The measured contact angle of the HTI FO
membrane in this study was 62.8 ± 3.9°, which is similar to the value of 60.2 ± 3.4°
previously reported by McCutcheon and Elimelech [17], indicating that the membrane is also
moderately hydrophobic. Adsorption of bisphenol A to the membrane was observed in both
the FO and RO modes as evident by the decrease in the feed concentration of the compound
as the filtration process progressed (Figure 4.1). In fact, adsorption of hydrophobic trace
organics to NF/RO membranes has been widely reported in the literature [27, 28].
When NaCl was used as the draw solution, there was a remarkable difference in the
filtration behaviour of bisphenol A in the FO and RO modes (Figure 4.1). Even though the
adsorption of bisphenol A to the membrane occurred in both the FO and RO modes, the
adsorption process reached a quasi-equilibrium state faster in the FO mode compared to the
RO mode. In the FO mode, the feed concentration of bisphenol A decreased from 500 to 470
µg/L within the first 100 minutes. The small increase in the feed concentration of bisphenol A
after 100 minutes of filtration can be explained by the continuous reduction in volume of the
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feed solution as water permeated through the membrane to the draw solution. In contrast, in
the RO mode, it took almost 200 minutes for the feed concentration of bisphenol A to reach a
stable value of approximately 420 µg/L. Both mass balance calculation and extraction
measurement consistently showed that the amount of bisphenol A adsorbed to the membrane
in the RO mode was significantly higher than that in the FO mode (Table 4.3).
It is notable that the rejection of bisphenol A in the FO mode was higher than that in
the RO mode at the same permeate water flux (Figure 4.1). The bisphenol A rejection in the
FO mode was comparable to the value previously reported by Hancock et al [29] who
examined the rejection of bisphenol A by the same membrane using similar concentration and
type of draw solution, feed solution and experimental set-up. The rejection of bisphenol A in
FO mode (Figure 4.1) was higher than that reported by Valladares Linares et al [12].
However, it is noted that unlike our study and that by Hancock et al [29], in the study by
Valladares Linares et al [12], the FO membrane cell was submerged in the feed solution
similar to a dead-end filtration configuration.
Rejection value of bisphenol A in the RO mode also agreed well with the estimated
pore radius of the membrane, whose pore size is larger than that of the NF270 membrane and
slightly smaller than that of the NF90 membrane. The rejection obtained by the membrane in
the RO mode was 75%. In comparison, bisphenol A rejection by the NF270 and NF90
membrane in the RO mode was 30 and 90%, respectively [26].
The higher rejection of bisphenol A in the FO mode compared to the RO mode when
operated at the same permeate water flux can be explained by the higher adsorption of this
compound to the membrane in the RO mode (Table 4.3). It has been previously established
that the adsorption of hydrophobic trace organic contaminants to the membrane can
subsequently facilitate their transport by diffusion through the membrane polymeric matrix
[18]. The molecular size of bisphenol A is slightly smaller than the mean effective membrane
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pore size (Tables 4.1 and 4.2) and diffusive transport of this compound through the
membrane polymeric matrix is expected to be significant.
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Figure 4.1: BPA concentration in feed and permeate and rejection as a function of time in the
(a) FO mode and (b) RO mode at the same permeate water flux of 5.4 L/m2h (1.5 µm/s). The
FO experimental conditions were as follows: the initial concentrations of BPA in the feed =
500 µg/L, pH = 7, the background electrolyte contained 20 mM NaCl and 1 mM NaHCO 3 ,
draw solution = 0.5 M NaCl, cross-flow rate = 1 L/min for both sides, and cross-flow velocity
= 9 cm/s. The temperature = 25±1 °C for both sides. The error bars represent standard
deviation of data obtained from two independent experiments. The RO experimental
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conditions were as follows: the initial concentrations of BPA in the feed = 500 µg/L, pH = 7,
the background electrolyte contained 20 mM NaCl and 1 mM NaHCO 3 . Operating pressure
10 bar, cross-flow rate = 1 L/min, cross-flow velocity = 25 cm/s, temperature = 25±1 °C.
Table 4.3: BPA mass adsorption in FO and RO modes (permeate water flux = 5.4 L/m2h (1.5
µm/s)).
Operating mode
FO
RO

Normalised by membrane area (µg/cm2)
Mass balance calculation
Direct extraction measurement
1.25
1.41
2.07
2.24

4.3.2.2 Triclosan
Significant adsorption of triclosan, which has a log D value of 5.28 at pH 7 (Table
4.1), to the membrane was also observed. The feed concentration of triclosan decreased
significantly as the filtration experiments progressed in both the FO and RO modes (Figure
4.2). In good agreement with the results reported above for bisphenol A, the adsorption of
triclosan to the membrane reached a quasi-equilibrium state faster in the FO mode than in the
RO mode as seen from the triclosan feed concentration profiles. It is also notable that the
amount of triclosan adsorbed to the membrane in the RO mode was significantly higher than
that in the FO mode (Table 4.4). However, because the molecular width of triclosan (0.75 nm)
was larger than the estimated mean effective pore size of the membrane (0.74 nm), a near
complete rejection of this compound was observed in both the FO and RO modes (Figure 4.2).
In a previous study, Hancock et al [29] reported complete rejection of triclosan by the same
membrane. Similarly, near complete rejection of triclosan by the NF270 membrane which is a
loose NF membrane has also been reported by Nghiem and Coleman [30].
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Figure 4.2: Triclosan concentration in feed and permeate and rejection as a function of time
in (a) FO mode and (b) RO mode. The initial concentration of triclosan in the feed = 500
µg/L both in the FO and RO experiments. Other experimental conditions were described in
Figure 4.1.
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Table 4.4: Triclosan mass adsorption in FO and RO modes (permeate water flux = 5.4 L/m2h
(1.5 µm/s)).
Operating mode
FO
RO

Normalised by membrane area (µg/cm2)
Mass balance calculation
Direct extraction measurement
4.64
4.42
9.18
8.81

4.3.2.3 Diclofenac
Adsorption of diclofenac to the membrane (Table 4.5) was much smaller than
bisphenol A and triclosan consistent with its low Log D value (1.77 at pH 7, Table 4.1).
Because the feed volume continuously decreased in the FO mode, the feed concentration of
diclofenac gradually increased as a function of time (Figure 4.3). In the RO mode, the
adsorption of diclofenac to the membrane was higher than that in the FO mode (Table 4.5),
which explains only slight increase in its feed concentration. It is also notable that diclofenac
rejection was almost complete in the FO mode and was only approximately 90 % in the RO
mode (Figure 4.3). The high rejection of diclofenac in both RO and FO modes is expected
given its molecular dimension. It is noteworthy that although diclofenac has a similar
molecular weight compared to triclosan, the shape of this compound is cylindrical (molecular
modelling). The molecular width of diclofenac is slightly smaller than the estimated mean
effective pore size of the membrane (Table 4.1). Consequently, it was possible to observe the
difference in the rejection of diclofenac between the FO and RO modes at the same permeate
flux (Figure 4.3).
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Figure 4.3: Diclofenac concentration in feed and permeate and rejection as a function of time
in (a) FO mode and (b) RO mode. The initial concentration of diclofenac in the feed = 500
µg/L both in the FO and RO experiments. Other experimental conditions were described in
Figure 4.1.
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Table 4.5: Diclofenac mass adsorption in FO and RO modes (permeate water flux = 5.4
L/m2h (1.5 µm/s)).
Operating mode
FO
RO

Normalised by membrane area (µg/cm2)
Mass balance calculation
Direct extraction measurement
0.196
0.173
0.764
0.422

4.3.3 Reverse draw solute permeation retards the forward transport of hydrophobic
organics
The marked difference in the separation behaviour of hydrophobic trace organics in
the FO and RO modes discussed above could be attributed to their steric hindrance by the
draw solute permeating through the membrane in the opposite direction. In the RO process,
water permeates through the membrane under a hydraulic pressure gradient across the
membrane and mass transfer can only occur in one direction from the feed side towards the
permeate side of the membrane. In the FO process, water permeates from the feed solution to
the draw solution under an osmotic pressure gradient generated by the concentrated draw
solution across the membrane. As a result, the transport of water through the membrane in FO
is coupled with the transport of the draw solute in the opposite direction (Figure 4.4).
The reverse NaCl flux in the FO experiments was significant (Table 4.6). We also
note that the hydrated radii of Na+ (0.36 nm) and Cl- (0.33 nm) [31] were comparable to that
of the membrane pore radius as well as the molecular dimensions of hydrophobic organic
contaminants investigated in this study. Thus, the reverse salt flux could hinder the pore
forward diffusion of the trace organic solute, leading to a lower adsorption of hydrophobic
trace organic within the membrane and subsequently higher rejection in the FO mode than
that in the RO mode.
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Figure 4.4: Schematic diagram representing the retarded forward diffusion of feed solutes in
the FO process by the reverse draw solutes.
Table 4.6: BPA mass balance in FO (NaCl, MgSO 4 , and glucose draw solutions) and RO
modes (permeate water flux = 5.4 L/m2h (1.5 µm/s)).

Operating
mode

FO
RO

Draw solution

Reverse solute
flux
(g/m2h)

NaCl
MgSO 4
Glucose
Not applicable

4.28
0.06
0.28
0

Normalised by membrane area
(µg/cm2)
Mass balance
calculation

Direct extraction
measurement

1.25
1.98
1.82
2.07

1.41
2.01
1.89
2.24

Our results are consistent with the “retarded forward diffusion” phenomenon
suggested by Hancock and Cath [32] who examined the coupled diffusion of solutes in
osmotically driven membrane processes. They reported that the permeation of dissolved silica
(SiO 2 ) from the feed to the draw solution was lower when NH 4 HCO 3 was used as the draw
solute instead of NaCl or MgCl 2 . Hancock and Cath [32] explained their observation by the
higher reverse flux of NH 4 HCO 3 compared to that of both NaCl and MgCl 2 at the same
osmotic pressure of the draw solution. The results reported in this study and those observed
96

by Hancock and Cath [39] suggest that the “retarded forward diffusion” phenomenon can be
more profound for hydrophobic trace organic contaminants because of their much lower
concentration in the feed solution and their ability to transport through the membrane via the
sorption-diffusion mechanism.
When the reverse draw solute flux is negligible, one would expect that the retarded
forward diffusion phenomenon would diminish. To verify this hypothesis, the adsorption and
rejection of BPA were examined at the same permeate water flux as that in the RO mode (i.e.,
5.4 L/m2h (1.5 µm/s)) using glucose and MgSO 4 as the draw solutes. Glucose has a low
diffusion coefficient (6.9 × 10-10 m2/s) and a Stokes radius of 0.32 nm which is comparable to
the membrane mean effective pore radius. MgSO 4 has a considerably low diffusion
coefficient (3.5 × 10-10 m2/s) and the hydration radii of Mg2+ (0.43 nm) and SO 4 2- (0.40 nm)
[31] are larger than the membrane pore size. As a result, the reverse flux of both glucose and
MgSO 4 was negligible (Table 4.6). In the absence of substantial reverse flux of the draw
solute, the pore transport and the adsorption of BPA to the membrane in both FO and RO
modes were almost identical (Table 4.6). The rejections of BPA using glucose (77 %) and
MgSO 4 (76 %) as the draw solutes in the FO mode (Figure 4.5) were comparable to that in
the RO mode (76 %).
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Figure 4.5: BPA concentration in feed and permeate and rejection as a function of time in the
FO mode using approximately (a) 3 M glucose and (b) 2.5 M MgSO 4 as draw solution. The
permeate water flux was 5.4 L/m2h (1.5 µm/s). Other FO experimental conditions were as
described in Figure 4.1.
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4.4 CONCLUSIONS
Rejection of three hydrophobic trace organic contaminants, namely bisphenol A,
triclosan, and diclofenac, by a commercially available FO membrane was investigated in both
the FO and RO modes. The separation behaviour of the trace organic compounds in the FO
mode, when NaCl was used as the draw solute, differed from that in the RO mode. At the
same water permeate flux of 5.4 L/m2h (or 1.5 µm/s), adsorption of all three compounds to
the membrane in the FO mode was consistently lower than that in the RO mode. In addition,
the rejections of bisphenol A and diclofenac were higher in the FO mode compared to the RO
mode. Because the molecular width of triclosan were larger than the estimated mean effective
membrane pore size, the rejection of triclosan by the membrane was close to 100 % and
negligible difference between the FO and RO modes could be observed. The difference in the
separation behaviour of these hydrophobic trace organics in the FO (when NaCl was used as
the draw solute) and RO modes could be explained by the retarded forward diffusion of feed
solutes within the membrane pore. The relatively high reverse NaCl flux hinders the
adsorption and diffusion of these trace organic compounds within the membrane pore matrix.
The retarded forward diffusion phenomenon was verified by conducting experiments using
draw solutions with much lower reverse salt flux, namely MgSO 4 and glucose. With these
draw solutes, the adsorption and rejection of BPA in the FO mode were identical to that those
in the RO mode.
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4.6 APPENDIX

Figure S4.1: Schematic diagram of the FO system.
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Figure S4.2: Schematic diagram of the RO filtration system.
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Figure S4.3: Real rejection of the reference organic solutes as a function of permeate flux for
FO membrane. Symbols represent experimental data for the indicated organic tracers. Solid
lines represent the pore transport model predictions (Eq. 2) with optimized parameters listed
in Table 4.2. Feed solution contained 40 mg/L of reference organic solutes (as TOC) in MilliQ water. The crossflow velocity and temperature were 25 cm/s and 25 ± 0.1 °C, respectively.
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CHAPTER 5: Rejection of Pharmaceutically
Active Compounds by Forward Osmosis: Role of
Solution pH and Membrane Orientation

This chapter was published as: M. Xie, W.E. Price, L.D. Nghiem, Rejection of pharmaceutically active
compounds by forward osmosis: Role of solution pH and membrane orientation, Separation and Purification
Technology, 93 (2012) 107-114.
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Measure what is measurable, and make measurable what is not so.
Galileo Galilei
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5.1 INTRODUCTION
Forward osmosis (FO) is one of emerging water treatment technologies. FO utilises
the osmotic pressure differential to drive the water permeation across the membrane into the
draw solution side, while the selective property of FO membrane retains the solutes on the
feed side [1]. FO is highly attractive for water treatment due to its low fouling propensity [2],
simple configuration, and low energy consumption [3, 4]. Consequently, a number of
investigations have focused on the use of FO in wastewater treatment. The effectiveness of
FO has been demonstrated by the treatment of landfill leachate [5], anaerobic digester
concentrate [6], activated sludge solution [7, 8], and domestic wastewater [9]. In most cases,
FO is used as an advanced pre-treatment technique in conjunction with a draw solution
recovery process, such as reverse osmosis (RO) and membrane distillation (MD). In a recent
study, Cath et al. [10] proposed such a hybrid FO-RO system to combine wastewater
reclamation and seawater desalination. In this hybrid system, treated effluent with low
osmotic pressure (low salinity) is first treated by an FO membrane and clean water is drawn
into a seawater draw solution. The diluted draw solution is subsequently desalinated by RO to
produce fresh water suitable for beneficial uses. In another study, Wang et al. [11]
demonstrated a hybrid FO-MD system to treat highly viscous protein solution where FO is
employed for dewatering protein solutions while MD is used for draw solution recovery.
These hybrid systems are capable of providing a dual-barrier treatment against trace organic
contaminants and largely reducing the treatment burden of downstream process. In addition,
because FO has very low fouling propensity, these hybrid systems can be used for poor feed
water quality. Hancock et al. [12] recently conducted a life cycle assessment exercise to
compare the environmental impact of the FO-RO dual-barrier concept and RO technology for
seawater desalination application. They reported that, if the full technical potential of FO
technology can be realised, the environment impact of an FO-RO hybrid system is 25% less
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than that of the current state-of-the-art RO process. It is noteworthy that a draw solution
recovery process is not required in all cases. When the draw solute can add value to the
extracted water, the diluted draw solution can be directly consumed without any further
treatment [13]. Examples of these applications include several FO water purification products
(such as X-pack, Expedition and Hydrowell) that are commercially available from Hydration
Technology Innovations and even the extraction of water from urine for direct consumption
by astronauts during their space mission [14]. In these applications, it is essential that trace
organic contaminants are effectively removed by the FO process.
Little is known about the removal behaviours of trace organic contaminants during the
FO process. Cartinella et al. [15] demonstrated that FO can completely remove the steroid
hormones estrone and estradiol. Cath et al. [10] investigated the removal of diclofenac,
gemfibrozil, naproxen and salicylic acid by an FO membrane and reported rejection values of
99%, 80%, 90% and 72%, respectively. Similar rejection of 13 trace organic contaminants by
FO membrane was observed as well [16]. Hancock et al. [17] revealed significant variation in
the rejection of trace organic contaminants by the FO process in the range from 40% (TCEP
(tris-(2-carboxyethyl)-phosphine)) to more than 95% (sulfamethoxazole) when they examined
the separation of 30 compounds using a bench scale FO system. Given the similarity between
the molecular weight of TCEP (250 g/mol) and sulfamethoxazole (253 g/mol), the underlying
reasons for their significantly different rejection behaviour remains largely unknown. In
addition, because mass transfer in the FO process is exclusively driven by a chemical
concentration gradient, the transport mechanisms of the FO and pressure driven filtration
process such as NF and RO may not be the same. In fact, Xie et al. [18] has demonstrated that
at the same permeate flux, rejection of some hydrophobic trace organics under the FO mode
was higher than that under the RO mode. The authors attributed this observation to the
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retarded forward diffusion phenomenon that could occur in the FO process at high draw
solute flux.
The FO membrane can be operated in two different configurations, namely the normal
FO mode and pressure retarded osmosis (PRO) mode. The former refers to a configuration in
which the active layer of the FO membrane is placed against the feed solution, while the latter
refers to a configuration in which the active layer of the FO membrane is placed against the
draw solution. Jin et al. [19] through a modelling study showed that the boron flux in the PRO
mode was higher than that in the FO mode. Mi and Elimelech [20] experimentally
demonstrated that membrane fouling was more severe in the PRO mode than that in the FO
mode. Tang et al. [21] have subsequently reported similar observations. However, there
remains a lack of systematic and mechanistic understanding of the rejection of trace organic
contaminants by FO in the two membrane orientations. This knowledge is critical to the
viability of FO technology, especially when it is used to purify contaminated water for water
recycling.
In this chapter, we examined the water flux behaviour and rejection of two PhACs –
namely sulfamethoxazole and carbamazepine – by an FO membrane. The water flux, reverse
salt flux, and hydrogen ion flux were systematically related to the surface charge and
hydrophobicity of the FO membrane at different feed solution pH and two membrane
orientations. Experimental results were analysed to elucidate the effects of solution pH and
membrane orientation on water flux and PhACs rejection, thus providing further insight into
the rejection mechanisms of trace organic contaminants by FO membrane.
5.2 MATERIALS AND METHODS
5.2.1 FO membrane
An asymmetric FO membrane acquired from Hydration Technology Innovations
(Albany, OR) was used in this investigation. The FO membrane used in this study exhibited
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relatively low water permeability and high salt rejection compared to a typical commercial
NF membranes. While the actual composition of the FO membrane is proprietary, it is likely
that the FO membrane has a dense cellulose-based active layer embedded in polyester mesh
providing mechanical support. A detailed description of the FO membrane is provided
elsewhere [1].
5.2.2 Laboratory scale FO system
FO experiments were conducted using a closed-loop bench-scale flat plate FO
membrane system (Figure S5.1, Appendix). The membrane cell was made of acrylic plastic.
The dimensions of the channels were 13 cm long, 9.5 cm wide, and 0.2 cm deep. The total
effective membrane area for mass transfer was 123.5 cm2.
Two variable speed gear pumps (Micropump, Vancouver, WA) were used to circulate
the feed and draw solutions. Flow rates of the feed and draw solution flow were monitored
using two rotameters and kept constant at 1 L/min (corresponding to a cross flow velocity of 9
cm/s). The draw solution reservoir was placed on a digital balance (Mettler Toledo Inc.,
Hightstown, NJ) and weight changes were recorded by a computer to calculate the permeate
flux. The conductivity of the draw solution was continuously measured using a K = 1 cm-1
conductivity probe (Cole-Parmer, Vernon Hills, IL). To maintain constant draw solution
concentration, a peristaltic pump was regulated by a conductivity controller to intermittently
dose a small volume of a high concentration draw solution (6 M) into the draw solution
reservoir (control accuracy ±0.1 mS/cm ). The concentrated draw solution makeup reservoir
was also placed on the same digital balance. The transfer of liquid between the two reservoirs
did not interfere with the measurement of permeate flux and the system could be operated
with a constant osmotic pressure.
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5.2.3 Experimental protocol
The feed was prepared by spiking carbamazepine and sulfamethoxazole (SigmaAldrich, Saint Louis, MO) into a background electrolyte solution (20 mM NaCl and 1 mM
NaHCO 3 ) to generate a concentration of 250 µg/L. This background electrolyte was selected
to simulate the typical composition in the treated secondary effluent and to maintain the
constant pH of the feed solution [22, 23]. Either HCl (1M) or NaOH (1 M) was used to adjust
the pH value of the feed solution. Analytical grade NaCl (Fisher Scientific, Pittsburgh, PA)
was used to prepare the draw solution in Milli-Q water. The volumes of the feed solution and
draw solution were 4 L and 1 L, respectively. Temperatures of the feed and draw solutions
were kept constant at 23 ± 0.1 °C using a temperature control unit (Thermo Fisher Scientific,
Waltham, MA) in all experiments. Both FO and PRO mode experiments were conducted. In
the FO mode experiments, the active layer of the FO membrane was placed against the feed
solution, and in the PRO mode experiments, the active layer of the FO membrane was placed
against the draw solution. The optimum pH range of the membrane is from 3.5 to 7.5
according to the membrane manufacturer. A new FO membrane sample was used for each
experiment. Approximately 1 mL of samples from both the feed tank and draw solution tank
were taken at specific intervals for HPLC analysis.
5.2.4 Contact angle measurement
Contact angle measurements were conducted using a Rame-Hart Goniometer (Model
250, Rame-Hart, Netcong, NJ) employed a standard sessile drop method. FO membrane
samples were submerged into a pH-adjusted electrolyte background solution (20 mM NaCl
and 1 mM NaHCO 3 ) ranging from pH 3.5 to 7.5 for ten hours, and then dried in a desiccator
before measurements. To avoid membrane shrinkage, the membrane sample was fixed on a
glass slide with double-side tape. pH-adjusted Milli-Q water was used as the reference solvent
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for the corresponding pH-adjusted membrane sample. Ten water droplets were used on each
membrane sample and contact angles on both sides of the droplet were analysed.
5.2.5 Zeta potential measurement
The zeta potential of the membrane surface was determined using a SurPASS
electrokinetic analyser (Anton Paar GmbH, Graz, Austria). The zeta potential of each
membrane surface was calculated from the measured streaming potential using the
Fairbrother-Mastin approach. All streaming potential measurements were conducted in a
background electrolyte solution containing 10 mM KCl. Hydrochloric acid and potassium
hydroxide were used to adjust pH by means of automatic titration. The test solution was used
to flush the cell thoroughly prior to the pH adjustment for each measurement. All streaming
potential measurements were performed at room temperature (approximately 22 ºC), which
was monitored by the temperature probe of the instrument.
5.2.6 Representative PhACs
Two pharmaceuticals, namely sulfamethoxazole and carbamazepine, were selected for
this study. Their key physicochemical properties together with molecular structures are
presented in Table 5.1. Sulfamethoxazole and carbamazepine are frequently detected in
secondary treated effluent, sewage affected water bodies, and recycled water for non-potable
purposes (see for example: [24-26]). They represent two different drug categories.
Sulfamethoxazole is a frequently used antibiotic while carbamazepine is a widely used antiepileptic drug. These compounds were purchased from Sigma–Aldrich (St. Louis, MO) and
their reported purity was 99% or higher. The pharmaceuticals were first dissolved in pure
methanol to make up stock solutions of 1 g/L. The stock solutions were stored at -18 °C and
were used within one month.
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Table 5.1: Key physicochemical properties of PhACs used in this study.
Pharmaceutical

Carbamazepine

Sulfamethoxazole
N

O

H
N

O

Structure

N

O

Molecular weight (Da)
pK a a
Log K ow a
Dipole moment (Debye)b
Stokes radius (nm)
Molecular dimension (nm)

b

O
NH2

NH2

236.3
9.73
2.45
3.6
0.37
0.891
0.529
0.507

Length
Width
Depth

S

253.3
1.7, 5.8
0.89
5.4
0.38
1.031
0.587
0.526

a

From the SciFinder Scholar (ACS) database.
Molecular dimension and the dipole moment were calculated using Molecular Modelling Pro Version 6.3.3
(Chem SW Inc.).
b

5.2.7 Analytical methods
A Shimadzu HPLC system (Shimadzu, Kyoto, Japan) equipped with a Supelco Drug
Discovery C-18 column (with diameter, length, and pore size of 4.6 mm, 150 mm, and 5 µm,
respectively) and a UV–Vis detector was used to measure the concentrations of the
pharmaceutically active contaminants in the feed and draw solutions. A detection wavelength
of 280 nm was employed. A sample injection volume of 50 µL was used. The mobile phase
composed of acetonitrile and Milli-Q grade deionized water buffered with 25 mM KH 2 PO 4 .
Two eluents, namely, eluent A (80% acetonitrile + 20% buffer, v/v) and eluent B (20%
acetonitrile + 80% buffer, v/v) were delivered at 1.0 mL/min through the column in timedependent gradient proportions for 20 min. The detailed eluent gradient time program is
provided in Appendix, Table S5.1 [27]. Calibration generally yielded standard curves with
coefficients of determination (R2) greater than 0.99 within the range of experimental
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concentrations used. The analysis was carried out immediately upon the conclusion of each
experiment. A sample injection volume of 50 µL was used considering the salt tolerance of
C18 column. The quantification limit for all the analytes under investigation using these
conditions was approximately 10 µg/L. Conductivity and pH of the feed and draw solutions
were measured using an Orion 4-Star Plus pH/conductivity meter (Thermo Fisher Scientific,
Waltham, MA).
5.2.8 Rejection calculation
In a typical FO process, the permeate concentration of target solute is diluted by the
draw solution. Therefore, the apparent concentration of the target solute in the draw solution
overestimates the actual rejection performance. To evaluate the real performance of the FO
process, the actual (corrected) concentration of the target solute, C s(t) can be recalculated by
taking the dilution into account using mass balance:
Cs(t ) =

Cds(t ) Vds(t ) − Cds(t −1) Vds(t −1)
Vw (t )

(1)

where V w(t) is the permeate volume of water to the draw solution at time t, V ds(t-1) is the
volume of draw solution at time (t-1), V ds(t) is the volume of draw solution at time t, C ds(t) is
the measured concentration of target solute in the draw solution at time t, and C ds(t-1) is the
measured concentration of target solute in the draw solution at time (t-1). Subsequently, the
solute rejection in the FO process is calculated using the actual (corrected) permeate
concentration, yielding:
R FO= (1 −

Cs(t )
Cf (t )

)100%

(2)

where C f(t) is the concentration of the target solute in the feed at t time.
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5.3 RESULTS AND DISCUSSION
5.3.1 Flux behaviour
5.3.1.1 Permeate water flux
The asymmetric FO membrane can be operated in two different orientations, namely
FO mode and PRO mode. The water flux obtained from the PRO mode was considerably
higher than that in the FO mode (Figure 5.1). This difference in water flux is due to internal
concentration polarization (ICP) which has been described in detail in several previous studies
[28, 29]. ICP occurs when the solute concentration within the membrane supporting layer
differs from that of the bulk solution. In the FO mode, the draw solution inside the porous
supporting layer becomes diluted as water permeates from the feed through the active layer
into the protective confines of the membrane supporting structure. In the PRO mode, the feed
solute is concentrated within the porous supporting layer, thus reducing the overall osmotic
gradient across the membrane. McCutcheon and Elimelech [29] referred to these two
phenomena as dilutive and concentrative ICP, respectively. Because the osmotic pressure of
the feed solution was much smaller than that of the draw solution, the dilutive ICP in the FO
mode is more pronounced than concentrative ICP in the PRO mode, which substantially
reduces the effective osmotic driving force for water flux. Besides, while ICP may not
substantially impact the osmotic pressure of the feed in the PRO mode, it will impact the
transport of the PhACs, thus impacting the rejection of the PhACs.
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Figure 5.1: The water flux as a function of feed pH in FO and PRO modes. Experimental
conditions were: 1 M NaCl as draw solution, the cross flow rate was 1 L/min for both sides,
and the cross flow velocity was 9 cm/s. The temperature of both sides was kept at 23 ± 1 °C.
Zeta potential of active and supporting layer of the HTI FO membrane was measured with
background electrolyte of 1 mM KCl. The error bar represents the standard deviation from
duplicate experiments

It is noteworthy that the water flux was a function of the feed solution pH in both
orientations (Figure 5.1). Water flux increased 27.6% and 7.5% from pH 3.5 to 7.5 in the FO
and PRO modes, respectively. This behaviour may be attributed to conformational changes of
the cross-linked membrane polymer structure and changes in the membrane hydrophobicity as
a function of the solution pH. These two possible mechanisms can be elucidated by
membrane surface charge characteristics, especially the zeta potential profiles of the active
layer (Figure 5.1a) and supporting layer (Figure 5.1b) as well as the hydrophobicity (Table
5.2) of the FO membrane. It is hypothesized that the electrostatic repulsion between ionisable
functional groups of the membrane polymeric matrix increases as the solution pH increase,
thereby leading to an increased average pore size and higher permeate flux. Indeed, the zeta
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potential of both the active layer and the supporting layer became more negatively charged
with increasing feed solution pH. The results reported in Figure 1 are also in good agreement
with the pH-dependent water flux response in some nanofiltration processes [30, 31]. It is also
noted that the FO membrane surface becomes more hydrophilic through dissociation of
carboxyl functional groups (COO-) of the active layer as the solution pH increased (Table 5.2).
A more hydrophilic membrane could favour water transport. In fact, this hypothesis is
consistent with the correlation between hydrophobicity of FO membrane and water flux
observed by McCutcheon and Elimelech [32].
Table 5.2: Contact angle of the active and supporting layers of the FO membrane at different
pH values (mean ± standard deviation of ten repeated measurements).
pH
3.5
4.5
5.5
6.5
7.5

Active layer (°)
70.9±3.1
66.7±3.6
64.8±2.9
62.8±3.9
60.2±3.4

Supporting layer (°)
79.7±1.0
75.0±3.2
70.8±3.2
71.1±1.8
69.7±3.4

5.3.1.2 Reverse salt flux and hydrogen ion flux
The specific reverse salt flux (J s /J w ) is a quantitative indicator for bi-directional
diffusion in the FO process. Higher specific reverse salt flux reflects a decrease in the
selectivity of the membrane and the lower efficiency of the process [33]. In both the FO and
PRO modes, the specific reverse salt flux decreased with increasing feed solution pH (Figure
5.2). This implies that better selectivity and efficiency are expected with a basic feed solution
rather than that with an acidic one. This decrease in the specific reverse salt flux is mostly
driven by the increase in water flux. The water flux increases significantly at higher pH whilst
the salt flux is suppressed by the more negatively charged FO membrane.
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Figure 5.2: Permeate of hydrogen ion flux from the feed as a function of initial feed pH in
FO and PRO modes. Hydrogen ion flux was calculated based on the pH change of the feed at
the end of a 10-hour experiment. The draw solution (1 M NaCl) pH was 6.25.
The pH of the feed solution consistently increased during the course of each
experiment (Figure 5.3). Due to the feed volume reduction during the FO process, measured
feed pH change in each experiment does not reflect the transport of hydrogen ion. Thus, the
molar flux of hydrogen ion out of the feed solution is used to describe the hydrogen ion
transport. Similar feed pH variation was also observed by Hancock et al. [33] and Phuntsho et
al. [34]. This pH variation can be explained by charge neutrality and concentration gradient
driven diffusion. Hydrogen ion diffuses through the FO membrane to maintain feed solution
electroneutrality when sodium permeates into the feed side. Therefore, higher specific reverse
salt flux in the FO mode (Figure 5.2) leads to the higher hydrogen ion flux. In addition,
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according to Fick’s law, the hydrogen ion flux is directly proportional to the difference in ion
concentrations across the membrane [35]. The hydrogen ion concentration gradient decreases
with increasing feed pH, and thus a decreased hydrogen ion flux is expected as observed in
this study.
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PRO mode
FO mode

7.5

Initial feed solution pH (-)

7.0
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4.5
4.0
3.5
3.0
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1

10

Hydrogen ion flux (mmol/(m2h))
Figure 5.3: Water, reverse salt (NaCl) and specific reverse salt fluxes in the FO and PRO
modes at different feed pH values. The experimental conditions were described as in
Figure 5.1.

5.3.2 Rejection of PhACs
5.3.2.1 General behaviour
The feed solution pH and FO membrane orientation play key roles in the rejection of
carbamazepine and sulfamethoxazole. The rejection profile of carbamazepine is relatively pHindependent, while that of sulfamethoxazole is strongly pH-dependent within the pH range of
this study. The stable rejection of carbamazepine (Figure 5.4a) can be ascribed to its neutral
form in the pH range investigated here. In contrast, feed solution pH had a considerable effect
on the rejection of sulfamethoxazole (Figure 5.4b). At near neutral and basic pH values (pH
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6.5 and 7.5), the rejection of sulfamethoxazole was above 90 % and constant throughout the
experiment. However, at acidic pH values (i.e., pH 3.5, 4.5, and 5.5), the rejection of
sulfamethoxazole decreased over time, and reached a stable value after approximately two
hours. This pH-dependence behaviour resulted from the speciation of sulfamethoxazole (pK a
of sulfamethoxazole = 5.8), from a neutral species at high pH to a negatively charged one at
lower pH [36, 37].
Membrane orientation (FO and PRO modes) had a direct impact on the rejection
profiles of the two compounds. The rejection of carbamazepine was approximately 90% in the
FO mode (Figure 5.4a), while a rejection of only 70% was obtained in the PRO mode (Figure
5.5a). The rejection behaviour of sulfamethoxazole was also notably different in the two
membrane modes. At unfavourable acidic pH values, more than 50% of sulfamethoxazole
was removed in the FO mode (Figure 5.4b), but only 20% rejection of sulfamethoxazole was
found for the PRO mode (Figure 5.5b). The rejection of carbamazepine and sulfamethoxazole
is significantly lower in the PRO mode than that in the FO mode. Considering the difference
of water flux in these two modes [38], the ICP could largely lead to the distinct performances
because the impact of ICP is much smaller on the feed in the PRO mode than that in the FO
mode [39]. A higher effective osmotic difference in the PRO mode substantially enhances the
transport the PhACs in the feed, thereby leading to a lower rejection in the PRO mode than
FO mode.
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Figure 5.4: The rejection of (a) carbamazepine, and (b) sulfamethoxazole as a function of
time at different feed pH in FO mode (concentration of carbamazepine and sulfamethoxazole
= 250 µg/L in the feed, the background electrolyte contained 20 mM NaCl and 1 mM
NaHCO 3 , draw solution = 1 M NaCl; cross-flow velocity on either sides of the membrane = 9
cm/s; feed and draw solution temperature = 23 ± 0.1 °C). The error bar represents the standard
deviation from duplicate experiments.
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Figure 5.5: The rejection of (a) carbamazepine, and (b) sulfamethoxazole as a function of
time at different feed pH in PRO mode (experimental conditions were as per Figure 5.4). The
error bar represents the standard deviation from duplicate experiments.
5.3.2.2 Effect of solution pH
The feed pH appears to be a major parameter governing the rejection of
carbamazepine and sulfamethoxazole in the FO process. Results presented in Figure 6a are
consistent with the behaviour of these two compounds during nanofiltration processes [36]
and are resulted from a combination of the speciation of two compounds, membrane surface
charge, and feed solution pH. Carbamazepine, with pK a value of 9.73, is a neutral compound
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in the investigated pH range of 3.5 to 7.5. Thus, steric hindrance and not electrostatic
interaction is the governing rejection mechanism for carbamazepine. This hypothesis is well
supported by the constant rejection value of carbamazepine of approximately 90% regardless
of the feed solution pH. On the other hand, sulfamethoxazole, with a slightly larger molecular
weight than carbamazepine (Table 5.1), can dissociate from a neutral species to a negatively
charged anion as the feed pH becomes increasingly more acidic below its pK a value of 5.8.
The active layer of membrane becomes more negatively charged with increasing feed pH [20].
Hence, the rejection mechanism is controlled by both steric hindrance and electrostatic
repulsion between the negatively charged active layer of FO membrane and anionic
sulfamethoxazole. These interactions result in a near complete rejection of sulfamethoxazole
at pH values beyond its pK a . It is interesting to note that the sigmoidal rejection curve of
sulfamethoxazole as a function of feed pH resembles the shape of its speciation (Figure 5.6c).
These two mirrored curves further illustrate that electrostatic repulsion is a significant
governing mechanism in the separation of sulfamethoxazole by FO membrane.
5.3.2.3 Effect of membrane orientation
Membrane orientation exerts substantial impact on the rejection of carbamazepine and
sulfamethoxazole during the FO process. Generally, the rejection in the FO mode is better
than that in the PRO mode (Figure 5.6). For the neutral compound carbamazepine, the
rejection with the PRO mode was 20% lower than that in FO mode. It is hypothesized that
carbamazepine is subjected to concentrative ICP in the porous supporting layer of the FO
membrane [19]. Therefore, the concentration difference of carbamazepine is enhanced at the
interface between the porous supporting layer and the dense active layer of the FO membrane.
By contrast, lower rejection is expected with the PRO mode as the driving force for mass
transfer is increased. Given the transport of hydrogen ion in the FO and PRO modes, the
rejection of sulfamethoxazole would have increase due to the speciation of anion
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sulfamethoxazole if the feed solution pH had increased. Besides, it is noteworthy that the
rejection of sulfamethoxazole reached a quasi-equilibrium after five hours. The observed
declined sulfamethoxazole rejection (Figure 5.5b) is likely caused by the ICP effect and bidirectional mass transport. At pH 3.5 and 4.5, the rejection of sulfamethoxazole in the PRO
mode was lower than that in the FO mode, but with the increase of feed solution pH, the
rejection of sulfamethoxazole increased with insignificant difference in sulfamethoxazole
rejection between the two membrane orientations. It was previously noted from the zeta
potential of the FO membrane that the supporting layer of the FO membrane was more
negatively charged than the active layer when the pH was above 5.5. Thus, the rejection of
sulfamethoxazole was enhanced with more electrostatic repulsion between the negatively
charged supporting layer and the negatively charged compound. This enhanced electrostatic
repulsion between the ionized sulfamethoxazole and the FO membrane leads to the deformed
sigmoidal rejection curve (Figure 5.6b). This observed enhanced rejection performance is in
line with the decreased specific salt flux discussed in section 5.3.1.2, indicating an increase in
membrane selectivity and efficiency.
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Figure 5.6: Rejection sulfamethoxazole and carbamazepine in (a) FO mode, (b) PRO mode
as a function of feed pH and (c) the speciation of sulfamethoxazole as a function of pH. The
data points represented the rejection at the end of 10-hour experiments (experimental
conditions were as per Figure 5.4).
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5.4 CONCLUSIONS
In this chapter, we investigated the effects of membrane orientation and feed solution
pH on permeate flux and rejection of carbamazepine and sulfamethoxazole by an FO
membrane. The following conclusions could be drawn: (i) water flux was pH-dependent in
both membrane orientations. An increase in water flux was observed with the increase of the
feed solution pH, and the specific reverse salt flux and hydrogen ion flux were hindered in the
basic pH range. These observations agreed well with the zeta potential measurements of the
FO membrane; (ii) the feed solution pH induced different rejection behaviour for
carbamazepine and sulfamethoxazole. Rejection of the neutral carbamazepine compound was
independent of pH, while rejection of sulfamethoxazole was significantly affected by pH as
the speciation of sulfamethoxazole varied with pH; (iii) membrane orientation played an
important role in both water flux and PhACs rejection behaviour. Due to concentrative and
dilutive ICP effects, water flux was higher in the PRO mode than that with the FO mode. In
the PRO mode, concentrative ICP in the porous supporting layer of the FO membrane
resulted in a lower PhACs rejection value than that in the FO mode.
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5.6 APPENDIX
(a)

(b)

Figure S5.1: (a) Schematic of the laboratory scale FO system; (b) Photograph of the FO
system.
Table S5.1: HPLC analysis eluent gradient time program
Time (min)

Eluent B proportion (%)*

0

100

5

100

8

40

10

40
128

11
*

100

20
100
Eluent A contains 80% (v/v) acetonitrile and 20% (v/v) 25 mM KH 2 PO 4 buffer; eluent B

contains 20% (v/v) acetonitrile and 80% (v/v) 25 mM KH 2 PO 4 buffer.
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CHAPTER 6: Effects of Feed and Draw Solution
Temperature and Transmembrane Temperature
Difference on the Rejection of Trace Organic
Contaminants by Forward Osmosis

This chapter was published as: M. Xie, W.E. Price, L.D. Nghiem, M. Elimelech, Effects of feed and draw solution
temperature and transmembrane temperature difference on the rejection of trace organic contaminants by
forward osmosis, Journal of Membrane Science, 438 (2013) 57-64.
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Most people would rather die than think; in fact, they do so.
Bertrand Russell
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6.1 INTRODUCTION
Forward osmosis (FO), a membrane-based separation technology, has received renewed
attention in recent years [1, 2]. In lieu of hydraulic pressure, FO utilizes a highly concentrated
draw solution to induce the driving force for separation. The transport of water molecules is
osmotically driven and contaminants in the feed solution can be rejected by the active layer of
the FO membrane. When the draw solute can add value to the extracted water, the diluted
draw solution can be directly consumed without any further treatment and FO can be applied
as a stand-alone process [3]. FO can also be applied in conjunction with a draw solution
recovery process, such as reverse osmosis and thermal separation (e.g. conventional column
distillation [4, 5] and membrane distillation (MD) [6, 7]).
Temperature is an important factor governing mass transfer in membrane separation
processes, including the FO process. In several practical applications of FO, there can be
significant temporal and spatial variation in the temperature of feed solutions, such as
secondary treated effluent or seawater. Similarly, draw solutions can be at higher
temperatures than the feed solution as a result of thermal separation and recycling of the draw
solution or using higher temperatures to increase the solubility of the draw solute. Such
temperature variations could substantially impact the rejection of TrOCs by the FO process,
as also observed in the NF and RO processes [8, 9].
Several studies have examined the effect of temperature on the permeation of water [10,
11] and inorganic salts [12] in the FO process. Generally, it was observed that water and salt
permeabilities increased with increasing temperature in the FO process [11-15]. Recent
studies have also focused on the impact of the temperature difference between the feed and
draw solutions on water and draw solute permeation across FO membranes. Phuntsho et al.
[12] examined the water flux behaviour with feed and draw solutions of different temperature
and found that water flux increased significantly by increasing draw solution temperature.
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You et al. [10] proposed that the heat flux generated by the temperature difference between
the feed and draw solutions could enhance the water flux due to the decrease in feed solution
viscosity and the increase in water diffusivity. However, no studies to date have investigated
the effect of temperature and temperature difference between feed and draw solutions on the
rejection of contaminants in the feed solution, which is a critical aspect to the deployment of
the FO process in wastewater reclamation. Elucidating the impact of temperature on the FO
process can be useful for the management of thermal draw solution recovery processes, such
as column distillation and MD, and optimization of FO performance with regard to solute
rejection and water flux.
In this chapter, an asymmetric cellulose-based FO membrane and a thin-film
composite polyamide FO membrane were used to investigate the rejection of 12 TrOCs under
four feed and draw solution temperature combinations. Membrane intrinsic properties, namely
pure water and salt (NaCl) permeability coefficients and membrane structural parameter, were
determined to better elucidate the impact of temperature on water and reverse salt (NaCl)
fluxes and TrOC rejection. The implications of the results for FO process performance and
optimization are elucidated and discussed.
6.2 MATERIALS AND METHODS
6.2.1 Forward osmosis membranes
Two commercially available FO membranes were used in this study: an asymmetric
cellulose triacetate FO membrane (CTA membrane) acquired from Hydration Technology
Innovations (Albany, OR) and a thin-film composite polyamide FO membrane (TFC
membrane) obtained from Oasys Water (Boston, MA). The CTA membrane has been the
subject of numerous previous FO studies and is composed of a cellulose triacetate layer with
an embedded woven support mesh [1, 16]. On the other hand, the TFC membrane is a
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relatively new product. It is reported to have a thin selective polyamide active layer on top of
a porous polysulfone support layer [17].
6.2.2 Forward osmosis system
A bench-scale cross-flow FO system was used (Figure S6.1, Appendix, page 167). The
membrane cell was made of acrylic plastic and had channel dimensions of 13 cm long, 9.5 cm
wide, and 0.2 cm deep. The total effective membrane area was 123.5 cm2. Two variable speed
gear pumps (Micropump, Vancouver, WA) were used to circulate the feed and draw solutions.
Flow rates of the feed and draw solutions were monitored using rotameters and kept constant
at 1 L/min (corresponding to a cross-flow velocity of 9 cm/s). The draw solution reservoir
was placed on a digital balance (Mettler Toledo Inc., Hightstown, NJ) and weight changes
were recorded by a computer to calculate the permeate water flux. The conductivity of the
draw solution (0.5 M NaCl) was continuously measured using a conductivity probe with a cell
constant of 1/cm (Cole-Parmer, Vernon Hills, IL). To maintain constant draw solution
concentration, a peristaltic pump was regulated by a conductivity controller to intermittently
dose a small volume of a concentrated draw solution (6 M NaCl) into the draw solution
reservoir (control accuracy was ± 0.1 mS/cm). The concentrated draw solution makeup
reservoir was also placed on the same digital balance. This setup ensured that the transfer of
liquid between the two reservoirs did not interfere with the measurement of permeate water
flux and that the system could be operated at a constant osmotic pressure driving force during
the experiment. Details about the design and operation of this FO system are available
elsewhere [18].
6.2.3 Membrane characterisation
Changes in key properties of the two membranes, including pure water permeability
coefficient A, salt (NaCl) permeability coefficient B, and membrane structural parameter of
support layer S at different feed and draw solution temperatures were determined using the
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standard experimental procedure recently proposed by Cath et al. [19]. Briefly, pure water and
salt permeability coefficients were measured using deionized water and 2000 mg/L NaCl,
respectively. The cross-flow RO filtration system used for this measurement has been
described in details elsewhere [18]. Experiments were conducted at 20 ± 0.1 °C and 40 ± 0.1
°C. The cross-flow velocity was maintained at 25 cm/s. Prior to each measurement, the
membranes were compacted at 15 bar with deionised water for at least 12 hours until the
permeate water flux had been stabilized. The pure water permeability coefficient was
measured at 10 bar (or 145 psi). NaCl was then added to the feed solution at a concentration
of 2000 mg/L to determine the salt (NaCl) permeability coefficient at 10 bar (or 145 psi). The
RO system was stabilised for 2 hours before recording permeate water flux with 2000 mg/L
𝑁𝑎𝐶𝑙
NaCl solution, 𝐽𝑤
, and taking feed and permeate samples to determine the observed NaCl

rejection, R o .

The water permeability coefficient, A, was determined by dividing the pure water
𝑅𝑂
permeate flux (𝐽𝑤
) by the applied hydraulic pressure, ∆P:
𝑅𝑂 ⁄
∆𝑃
𝐴 = 𝐽𝑤

(1)

The observed salt (NaCl) rejection, R o , was calculated from the difference between the bulk
feed (c b ) and permeate (c p ) salt concentrations, R o = 1 − c p /c b , and then the salt (NaCl)
permeability coefficient, B, was determined from [20, 21]:
1−𝑅𝑜

𝑁𝑎𝐶𝑙
𝐵 = 𝐽𝑤
�

𝑅𝑜

� 𝑒𝑥𝑝 �−

𝑁𝑎𝐶𝑙
𝐽𝑤

𝑘𝑓

�

(2)

where k f is the mass transfer coefficient for the cross-flow channel of the RO membrane cell.
The mass transfer coefficient (k f ) was experimentally determined using a protocol
described in our previous publication [18]. Using the permeate and feed salt concentrations
(and thus, the corresponding osmotic pressures based on the van’t Hoff equation, π p and π b ,
respectively), the applied pressure (ΔP), the pure water flux (J w ), and the permeate flux with
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the 2000 mg/L NaCl solution (J salt ) enables the evaluation of the salt concentration at the
membrane surface. This membrane surface concentration is used in the film model for
concentration polarization to determine the mass transfer coefficient k f [22]:
𝑘𝑓 =

𝐽𝑠𝑎𝑙𝑡
𝐽
∆𝑃
𝑙𝑛�
�1− 𝑠𝑎𝑙𝑡 ��
𝜋𝑏 −𝜋𝑝
𝐽𝑤

(3)

The membrane structural parameter of support layer S was evaluated in the bench𝐹𝑂
, using a 0.5 M
scale cross-flow FO system described in section 6.2.2. The water flux, 𝐽𝑤

NaCl draw solution and deionized water feed solution was measured with the membrane in
FO mode (i.e., active layer facing the feed solution) under four different feed and draw

solution temperature scenarios (i.e., feed and draw solution temperatures of 20 °C and 20 °C;
40 °C and 40 °C; 40 °C and 20 °C; and 20 °C and 40 °C). The membrane structural parameter
S was determined using [23]:
𝐷

𝐵+𝐴𝜋𝐷,𝑏

𝑠
𝑆 = 𝐽𝐹𝑂
𝑙𝑛 �𝐵+𝐽
𝑤

𝑤 +𝐴𝜋𝐹,𝑚

�

(4)

where D s is the bulk solution diffusivity of the draw solute, π D,b is the bulk osmotic pressure
of the draw solution, and π F,m is the osmotic pressure at the membrane surface on the feed
side (zero for deionized water feed). A and B in Eq. 4 were calculated using Eqs. 1 and 2.
𝐹𝑂
Reverse salt flux selectivity (RSFS) is defined as the ratio of water flux, 𝐽𝑤
, to reverse

salt (NaCl) flux, 𝐽𝑠𝐹𝑂 , in the FO process. The RSFS is independent of the membrane support

layer properties and can quantitatively describe the FO membrane performance [24]:
𝐴

𝑅𝑆𝐹𝑆 = 𝐵 𝑛𝑅𝑇

(5)

where n is number of dissolved species created by the draw solute (2 for NaCl), T is the draw
solution temperature, and R is the ideal gas constant.
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6.2.4 Model trace organic contaminants
A total of 12 TrOCs, including nine pharmaceuticals and personal care products, and
three pesticides, were selected for this investigation (Table 6.1). These TrOCs are frequently
detected in secondary treated effluent and sewage-impacted water bodies at trace levels. They
were also selected to represent a diverse range of physicochemical properties (e.g., charge,
hydrophobicity, and molecular weight). The model TrOCs are small molecular weight
compounds (less than 362 g/mol) with effective hydrophobicity measured by distribution
coefficient (log D) at neutral pH in the range from -0.96 to 5.28. The TrOCs were purchased
as analytical grade standards. A combined stock solution containing 1 g/L of each compound
was prepared in pure methanol. The stock solution was kept at −18 °C in the dark and was
used within one month.
Table 6.1: Key physicochemical properties of selected trace organic contaminants (TrOCs).
Diffusion
Molecular
a
coefficient b
Log D
a
Compound
Category
weight
pK a
(×10-6 cm2/s)
(pH 7)
(g/mol)
20°C
40°C
Amitriptyline
277
2.28
9.18
4.82
7.83
Trimethoprim
290
0.27
7.04
4.99
8.11
Hydrophilic,
Sulfamethoxazole
253
-0.96
5.18
5.99
9.73
charged
Diclofenac
296
1.77
4.18
5.24
8.52
Bezafibrate
362
-0.93
3.29
4.45
7.23
Caffeine
194
-0.63
0.52
7.23
11.75
Atrazine
216
2.64
2.27
5.75
9.34
Hydrophilic,
Primidone
218
0.83
12.26
5.98
9.71
neutral
Carbamazepine
236
1.89
13.94
5.84
9.49
Pentachlorophenol
266
2.85
4.68
6.72
10.92
Linuron
Hydrophobic,
249
3.12
12.13
5.9
9.58
Triclosan
neutral
290
5.28
7.8
5.58
9.06
a
Values for pK a and log D were obtained from the SciFinder Scholar (ACS) database
b
Calculated using USEPA On-line Tools - “Estimated Diffusion Coefficients in Air and
Water”(http://www.epa.gov/athens/learn2model/part-two/onsite/estdiffusion.html)
6.2.5 Trace organic contaminant rejection experiments
The TrOCs stock solution was added to a background electrolyte solution (20 mM NaCl
and 1 mM NaHCO 3 ) to obtain a feed solution concentration of 2 µg/L. Either HCl (1 M) or
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NaOH (1 M) was introduced to the feed tank to adjust the initial pH value of the feed
solution. A draw solution of 0.5 M NaCl was prepared in Milli-Q water in a volumetric flask.
Trace organic contaminant rejection experiments were conducted in the FO mode
where the active layer of the membrane faced the feed solution. The initial volumes of the
feed and draw solutions were 4 L and 1 L, respectively. Feed and draw solution tanks and
pipelines were covered by thermal insulation foam to minimize the water evaporation loss and
heat loss. A new FO membrane coupon was used for each experiment. The experiment was
concluded when 1 L water permeated through the membrane (i.e., 25% water recovery).
Volumes of feed and draw solutions were checked and compared with water flux data at the
conclusion of each experiment to make sure that water evaporation from the feed and draw
solution tanks was negligible (the difference between measured volume and water flux data
less than 3%). Samples from both the feed and draw solutions were collected at the beginning
and after 1 L of water had permeated through the FO membrane for solid phase extraction
(SPE) and subsequent LC-MS analysis.
TrOC rejection is calculated by taking into account the dilution of the draw
solution using a mass balance calculation. A dilution factor (DF) is introduced to calculate
the concentration of TrOCs in the permeate sample, which is defined as
DF =

Vds , f
Vp

(6)

where V ds,f is the final volume of the draw solution and V p is the volume of
permeate. The TrOC rejection, R (%), is calculated from
 DFCds , f
R = 1 −

C f ,0



 × 100



(7)

Here, DF is the dilution factor obtained from Eq. 6, C ds,f is the final draw solution
concentration of the TrOC, and C f,0 is the initial feed concentration of the TrOC.
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6.2.6 Analytical methods
The feed and draw solution samples were extracted using Oasis HLB cartridges (Waters,
Milford, MA) prior to LC-MS analysis to determine the concentration of TrOCs. The
cartridges were pre-conditioned with 7 mL dichloromethane and methanol (1:1, v/v), 7 mL
methanol, and 7 mL reagent water. The sample was 500 mL in volume and was first adjusted
to pH 2 – 3 and then loaded onto the cartridges at a flow rate of approximately 2 mL/min. The
cartridges were then rinsed with 20 mL of Milli-Q water and dried with a gentle stream of
high purity nitrogen for 30 min. The TrOCs were eluted from the cartridges using 7 mL
methanol followed by 7 mL dichloromethane and methanol (1:1, v/v) at about 2 mL/min. The
eluted samples were evaporated to dryness in a water bath at 40 °C for two to three hours
under a gentle stream of high purity nitrogen gas. The extracted residues were then
redissolved in 200 µL methanol solution containing 5 µg carbamazepine- d 10 and transferred
into 2 mL vials for LC-MS analysis.
Analysis of the trace organic contaminants was carried out using a Shimadzu LC-MS
system (LC-MS 2020) equipped with an electrospray ionization (ESI) interface. A
Phenomenex Kinetex 2.6 µm C8 column (50 mm × 4.6 mm) was used as the chromatography
column and was maintained at 26 °C inside a column oven (CTO-20A). The mobile phase
was Milli-Q water buffered with 0.1% (v/v) formic acid and acetonitrile. The details about the
gradient elution are provided in Table S6.1 (Appendix, page 167), Appendix. The mobile
phase flow rate was 0.5 mL/min and the sample injection volume was 10 µL. The analytes
from the HPLC system were fed directly into a quadrupole mass spectrometer via an ESI
source. ESI positive ionization [M+H]+ mode was adopted for caffeine, primidone,
trimethoprim,

sulfamethoxazole,

carbamazepine,

bezafibrate,

atrazine,

linuron

and

amitriptyline while ESI negative ionization [M-H]- mode was used for pentachlorophenol,
diclofenac and triclosan. All mass spectra were acquired in selective ion monitoring mode
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with the detector voltage of 0.9 kV, desolvation line temperature of 250 °C, and heating block
temperature of 200 °C. High purity nitrogen was used as both the nebulizing and drying gas at
a flow-rate of 1.5 and 10 L/min, respectively. Standard solutions of the analytes were
prepared at 1, 10, 50, 100, 500 and 1000 ng/mL, and an internal instrument calibration was
carried out with carbamazepine-d 10 as the internal standard. The calibration curves for all the
analytes had a correlation coefficient of 0.99 or higher.
6.3 RESULTS AND DISCUSSION
6.3.1 Membrane properties
The A and B values (i.e. pure water and salt (NaCl) permeability coefficients) of both
the CTA and TFC membranes increased with an increase in feed solution temperature (Table
6.2). Results reported here are consistent with a previous study conducted by Wong et al. [25]
and can be attributed to an increase in solute diffusivity and a decrease in viscosity of water as
the temperature increases. While the A and B values of the TFC membrane were substantially
different from those of the CTA membrane, their responses to temperature variation are
similar. It is noteworthy that the membrane structural parameter S was largely unchanged
when the temperature of both the feed and draw solutions increased from 20 to 40 °C (Figure
6.1). This finding indicates that the membrane polymer structure does not change when
solution temperature increases from 20 to 40 °C. Similarly, no statistically significant changes
in the S value of the two membranes could be observed when the feed and draw solution
temperatures were 40 and 20 °C, respectively. The p-values of the one-sample t-test on the
structural parameter S of the CTA and TFC membranes (n=4) were 0.08 and 0.07,
respectively. In addition, the calculation of the S value using Eq. 4 can result in some inherent
error when temperatures of feed and draw solutions are different [25]. Because there was heat
transfer induced by the temperature difference between the feed and draw solution, the A and
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B values of the membrane active layer were likely not the same as the values used in Eq. 4,
which were obtained from RO experiments at the same feed solution temperature.
Table 6.2: Water and salt (NaCl) permeability coefficients of CTA and TFC FO membranes
at different temperatures (mean value ± standard deviation from two membrane samples).
Temperature
(°C)
20
40
20
40

Membrane
CTA
TFC

Water permeability
coefficient, A
(×10-12 m/sPa)
1.81 ± 0.27
1.94 ± 0.09
13.1 ± 0.07
21.7 ± 0.31
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Salt (NaCl) permeability
coefficient, B
(×10-8 m/s)
6.81 ± 0.11
9.92 ± 0.25
4.56 ± 0.37
8.06 ± 0.14

Membrane structure parameter (µm)
Membrane structure parameter (µm)

800
(a) CTA membrane
700
600
500
400
300
200

20-20
40-40
40-20
20-40
Feed temperature - Draw temperature (°C)

600
(b) TFC membrane
500

400

300

200

20-20
40-40
40-20
20-40
Feed temperature - Draw temperature (°C)

Figure 6.1: Membrane support layer structural parameter for (a) CTA and (b) TFC
membranes at varying feed and draw solution temperatures. Experimental conditions were as
follows: FO mode (i.e. feed solution facing membrane active layer), deionized water as feed
solution, draw solution = 0.5 M NaCl, and cross-flow rate = 1 L/min for both sides
(corresponding to cross-flow velocity = 9 cm/s). Four different feed and draw solution
temperature scenarios were used: under the condition of same feed and draw solution
temperature at 20 and 40 °C; under the conditions of feed temperature at 40 °C and draw
solution temperature at 20 °C, and feed temperature at 20 °C and draw solution temperature at
40 °C. Error bars represent standard deviation of data obtained from two repeated experiments.
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6.3.2 Water and reverse salt (NaCl) fluxes
Both water and reverse salt (NaCl) fluxes were significantly impacted by feed and
draw solution temperatures (Figure 6.2). When the feed and draw solution temperatures were
the same (denoted 20-20 and 40-40 in Figure 6.2), the water and reverse salt (NaCl) fluxes of
the CTA and TFC membranes substantially increased as the solution temperature increased
from 20 to 40°C. This observation is in good agreement with the increase in the membrane A
and B values reported in Section 6.3.1 and the literature [12, 26].
In addition to the isothermal conditions investigated by these two previous studies [12,
26], the effects of transmembrane temperature difference between the feed and draw solutions
on solute and water transport were also examined in the current study. Water and reverse salt
(NaCl) fluxes of both membranes increased slightly when either the feed or draw solution
temperature increased to 40 °C and the other remained at 20 °C (denoted 40-20 and 20-40 in
Figure 6.2) compared to the isothermal condition where the feed and draw solution
temperatures were both at 20 °C. The increase in feed solution temperature from 20 to 40 °C
enhanced the diffusivity of water molecules, thereby increasing the water and reverse salt
(NaCl) fluxes. On the other hand, the increase of draw solution temperature from 20 to 40 °C
decreased draw solution viscosity and increased the draw solute diffusivity (Table 6.3),
thereby increasing the water and reverse salt (NaCl) fluxes.
Table 6.3: Key properties of the 0.5 M NaCl draw solution.
Thermodynamic property

Temperature (°C)

Unit

20
40
Osmotic pressure a
bar
24.05
25.69
Viscosity [27]
µPa·s
1043.2
684.8
Diffusion coefficient [28]
×10-9 m2/s
1.2
2.51
a
Calculated using OLI Stream Analyser (OLI Systems, Inc., Morris Plains, NJ)
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Figure 6.2: Water and reverse NaCl fluxes of (a) CTA and (b) TFC membranes at varying
feed and draw solution temperatures. Experimental conditions were described in Figure 6.1.
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It is noteworthy that there was no discernible variation in the RSFS value of either
membrane regardless of the feed or draw solution temperatures (Figure 6.3). In addition, the
determined RSFS values obtained from the FO experiments (symbols) are almost identical to
those calculated from the intrinsic properties of the membranes (dashed line). The RSFS was
independent of the membrane support layer properties and reflected the polymer structure of
the membrane active layer. As a result, the insignificant variation in RSFS and the membrane
S value (section 6.3.1) suggests that the membrane polymer structure did not change
significantly within the temperature range of 20 to 40 °C. The water and reverse salt (NaCl)
fluxes behaviour at different feed and draw solution temperature conditions was attributed

Reverse salt flux selectivity (×102 L/mol)

mostly to the temperature-dependent properties of feed and draw solutions.

25.0
22.5
20.0
17.5
15.0
TFC membrane
CTA membrane

12.5
2.5
2.0
1.5
1.0
0.5
0.0

20-20
40-40
40-20
20-40
Feed temperature - Draw temperature (°C)

Figure 6.3: Reverse solute flux selectivity (RSFS) of CTA and TFC membrane at four
different feed and draw solution temperature scenarios. Symbols are experimental data (i.e.,
the ratio of water flux to reverse salt flux) and dotted lines represent the CTA and TFC
membrane RSFS calculated using Eq. 5 using the A and B values listed in Table 6.2.
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6.3.3 TrOC rejection performance
Overall, TrOC rejections by the TFC membrane were considerably higher than those by
the CTA membrane. This can be attributed to the intrinsic properties of the TFC and CTA
membranes. The TFC membrane has a smaller B value (Table 6.2) and higher RSFS value
than the CTA membrane (Figures 6.3). Nevertheless, with respect to the rejection of TrOCs,
both the CTA and TFC membranes responded to the variation in temperature and
transmembrane temperature difference in a similar manner (Figure 6.4).
The rejection behaviours of charged and neutral TrOCs (Table 6.1) significantly differ
from each other (Figure 6.4). In an aqueous solution, charged TrOCs are hydrated and the
hydration of charged TrOCs significantly increases their apparent molecular sizes [29]. In
addition, at the experimental pH value used in this study (pH 6.5), the CTA and TFC
membranes are both negatively charged and electrostatic interaction is an important rejection
mechanism of charged solutes [30, 31]. Thus, rejections of charged TrOCs were notably
higher than those of neutral TrOCs.
Temperature and transmembrane temperature difference only exerted a small influence
on the rejection of charged TrOCs by the CTA and TFC membranes (Figure 6.4). By contrast,
while rejection of both hydrophobic and hydrophilic neutral TrOCs increased with their
molecular weight, their rejections varied significantly depending on the feed and draw
solution temperatures. Results reported here demonstrate an intricate relationship between
rejection of neutral TrOCs and temperature-dependent solvent and solute properties, such as
solution viscosity and solute diffusivity. Overall, rejection of neutral TrOCs increased in the
following order of feed and draw solution temperatures (in °C): 40 – 40 < 40 – 20 < 20 – 20 <
20 – 40.
When the feed and draw solution temperatures are the same, the low rejection of neutral
TrOCs at high solution temperature can be attributed to an increase in solute partition into the
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membrane and diffusion coefficient. The permeation of neutral TrOCs is governed by
“solution-diffusion” mechanism [32, 33], where TrOCs first partition into the membrane
active layer and then diffuse through it. The diffusion of TrOCs can be described by Fick’s
law and it is proportional to the diffusion coefficient [34]. A higher solution temperature
favoured the partition of hydrophobic neutral TrOCs into the membrane. Notably, the
adsorbed amounts of linuron and triclosan (with their Log D values > 3) increased by one
order of magnitude with the increase of feed solution temperature from 20 to 40 °C (Figure
6.5). At the same time, the diffusion coefficients of neutral TrOCs increase significantly
(Table 6.1), thereby leading to a markedly decrease in their rejections (Figure 6.4).
Transmembrane temperature difference between the feed and draw solutions impacts
the water and reverse salt flux, which can subsequently influence the rejection of neutral
TrOCs. The diffusion coefficient of the draw solute increased with the increase in draw
solution temperature, resulting in an increase in both the water and reverse salt flux (Figure
6.2). Consequently, the increase in water flux can directly contribute to an increase in
rejection, which is similar to that observed in the nanofiltration or reverse osmosis processes
[35]. In addition, the increase in reverse salt flux can retard the forward diffusion of neutral
TrOCs [18], thereby leading to higher rejection of these contaminants.
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Figure 6.4: Rejections of 12 model TrOCs by the (a) CTA and (b) TFC FO membranes at
varying feed and draw solution temperatures. The experimental conditions were as follows:
FO mode (i.e. feed solution facing membrane active layer), initial concentrations of 12 trace
organic contaminants in the feed = 2 µg/L, pH = 7, background electrolyte contained 20 mM
NaCl and 1 mM NaHCO 3 , draw solution = 0.5 M NaCl, and cross-flow rate = 1 L/min for
both sides (corresponding to cross-flow velocity = 9 cm/s). Four different feed and draw
solution temperature scenarios were used: under the condition of same feed and draw solution
temperature at 20 and 40 °C (denoted as F40-D40 and F20-D20); under the conditions of feed
temperature at 40 °C and draw solution temperature at 20 °C (denoted as F40-D20), and feed
temperature at 20 °C and draw solution temperature at 40 °C (denoted as F20-D40). Error
bars represent standard deviation of four measurements in two repeated experiments.
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Figure 6.5: Adsorbed amount of linuron and triclosan by (a) CTA and (b) TFC membranes at
varying feed and draw solution temperatures. The adsorption amount was calculated using
mass balance. Experimental conditions were described in Figure 6.4.

6.3.4 Implications for FO systems
The enhanced rejection of neutral TrOCs and improved water flux reported here have
important implications for the integration of the FO process with a thermally-driven
separation process, such as MD or conventional column distillation, for recovering the draw
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solutes. These results highlight the potential of FO for water production from reclaimed
wastewater and other unconventional water sources that may be impaired with TrOCs. MD
has been widely recognised as a potential draw solution recovery process [6, 7]. In the MD
process, solar thermal or low-grade heat can be utilised to increase the feed solution (i.e. the
diluted draw solution of the FO process) temperature for the extraction of water vapour across
a microporous membrane which is condensed to the liquid form. Thus, integrating the MD
process with FO can not only improve the water flux and TrOC rejection by FO process but
also reduce the carbon footprint of the overall treatment system. Similarly, the enhanced
performance at a high draw solution temperature can facilitate practical deployment of
thermolytic salts, such as ammonium carbonate, as the draw solutes for FO [4, 5].
6.4 CONCLUSIONS
Results reported here demonstrate that feed and draw solution temperature and
transmembrane temperature difference have a significant impact on FO water and reverse salt
(NaCl) fluxes as well as TrOC rejection. The membrane structural parameter (S) and the
reverse salt flux selectivity (RSFS) did not change significantly in the temperature range of 20
to 40°C, indicating that any thermal-induced changes in the membrane polymer structure
would be negligible. The increase in water and solute diffusivities at higher temperatures and
the temperature-dependent draw solution properties governed the water and reverse salt
(NaCl) flux behaviour and TrOC rejection. Because electrostatic interaction was an important
rejection mechanism, rejection of charged TrOCs was higher than that of neutral TrOCs and
their rejection was insensitive to temperature variation. Rejection of neutral TrOCs decreased
significantly as the feed solution temperature increased from 20 to 40 °C. This decrease
resulted from the enhanced diffusivity of neutral TrOCs at an elevated temperature. By
contrast, rejection of neutral TrOCs increased when the feed and draw solution temperatures
were 20 and 40°C, respectively. This increase in the rejection of neutral TrOCs could be
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attributed to the changes in properties of the draw solution. Water flux enhanced by higher
osmotic pressure led to a dilution effect. At the same time, an increase in the reverse salt
(NaCl) caused by a higher draw solute diffusivity further hinder the forward diffusion of the
neutral TrOCs from the feed to the draw solution.
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6.6 APPENDIX

Figure S6.1: Schematic diagram of the laboratory scale FO system.

Table S6.1: LC-MS analysis eluent gradient time program

*

Time (min)

Eluent B proportion (%)*

0

10

6

10

8

23

15

23

16

45

25

45

26

85

30

85

31

10

35
10
Eluent A contains 0.1% (v/v) formic acid in Milli-Q water; eluent B is acetonitrile.
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CHAPTER 7: Impact of Humic Acid Fouling on
Membrane Performance and Transport of
Pharmaceutically Active Compounds in
Forward Osmosis

This chapter was published as: M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Impact of humic acid fouling on
membrane performance and transport of pharmaceutically active compounds in forward osmosis, Water
Research, 47 (2013) 4567-4575.
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The great tragedy of Science — the slaying of a beautiful hypothesis by an ugly fact.
Thomas Huxley
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7.1 INTRODUCTION
The occurrence of chemicals of emerging concern, particularly pharmaceutically
active compounds (PhACs), in wastewater and secondary treated effluent at trace levels is a
major issue associated with wastewater reuse, particularly when intended for potable purposes
[1-3]. Several recent studies have investigated the removal of PhACs by FO. These studies
reveal that the removal mechanisms of PhACs by FO membranes are governed by several
factors, including membrane interfacial properties [4], physicochemical properties of the
solutes [5-7] and solution chemistry [8]. However, the state-of-the-art understanding of PhAC
rejection behaviour in the FO process is still limited. In particular, little is known about the
impact of membrane fouling on the rejection of PhACs.
The effect of membrane fouling on the rejection of PhACs has been investigated
extensively in NF and RO processes. These studies suggest that membrane fouling influences
the rejection of PhACs via modification of membrane surface charge [9, 10], pore blockage
[11] or cake enhanced concentration polarization [12, 13], thereby either improving or
reducing their rejection. By drawing on these well-established mechanisms in NF and RO
processes, several studies have also been initiated to shed light on the impact of membrane
fouling on the rejection of PhACs in FO. Hancock et al. [6] observed that rejection of PhACs
by the FO process substantially increased when the membrane was fouled by wastewater
effluent in a pilot-scale setup. Valladares Linares et al. [7] proposed that the fouling layer
altered the charge and hydrophobicity of the FO membrane surface, thereby enhancing the
rejection of ionic and neutral PhACs. Jin et al. [14] highlighted the enhanced membrane
sieving effect by membrane fouling when they compared the rejections of boron and arsenate
by an alginate-fouled FO membrane.
In FO, for a non-ideal membrane with less than 100% solute rejection, the water flux
is coupled with a reverse permeation of the draw solute. Recently, several studies were
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conducted to understand this mechanism [8, 15] and to quantify this bi-directional mass
transfer [16-18]. Specifically, membrane fouling could be affected by the reverse permeation
of draw solutes. Boo et al. [19] reported that reverse permeation of draw solutes promoted
colloidal aggregation, which enhanced membrane fouling and reduced fouling reversibility by
simple physical cleaning. As a result, it is of practical interest to understand the role of reverse
permeation of draw solutes on membrane fouling and its associated effect on the rejection of
PhACs.
The aim of this chapter was to investigate the impact of humic acid fouling on the
membrane permeation of two model PhACs (i.e. sulfamethoxazole and carbamazepine) in
forward osmosis. Fouling and PhAC flux through the membrane were investigated under
different calcium ion concentrations and a variety of draw solutions. Key membrane
properties, and forward hydrogen ion and reverse salt fluxes were measured to elucidate the
impact of humic acid fouling on the permeation of PhACs. Mechanisms accounting for the
impact of humic acid fouling on PhAC permeation were systematically proposed and
delineated.
7.2 MATERIALS AND METHODS
7.2.1 Forward osmosis membrane
An asymmetric cellulose-based membrane specifically designed for FO applications
was supplied by Hydration Technology Innovations (Albany, OR). While detailed
composition of the membrane is proprietary, it is believed that it has a dense cellulose
triacetate active layer embedded in a polyester mesh. Further details about this FO membrane
are available elsewhere [20, 21].
7.2.2 Determination of water and salt (NaCl) permeability coefficients
Water permeability coefficient (A) and salt (NaCl) permeability coefficient (B) were
determined using a standard method recently established by Cath et al. [22]. Briefly, the
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measurement was conducted in RO mode using a laboratory scale cross-flow filtration system.
Prior to each measurement, the membrane was compacted at 15 bar using deionised water for
at least 12 hours until a constant permeate water flux had been obtained. The water
permeability coefficient was determined by dividing the pure water permeate flux obtained at
10 bar (145 psi) using deionised water as the feed by the applied hydraulic pressure. NaCl
was then added to the feed solution to obtain a concentration of 2000 mg/L in order to
determine the salt (NaCl) permeability coefficient at 10 bar (145 psi). The RO system was
stabilised for two hours before the permeate water flux ( J wNaCl ) was recorded and feed and
permeate samples were taken to determine the observed NaCl rejection value (R o ). The
observed salt (NaCl) rejection, R o , was calculated from the difference between the bulk feed
(c b ) and permeate (c p ) salt concentrations, R o = 1 − c p /c b . The B value was determined from
[22]:

B=J

NaCl
w

 J wNaCl
 1 − Ro 
 exp −

 k
R
f
 o 







(1)

where k f is the mass transfer coefficient for the cross-flow channel of the RO membrane cell.
The mass transfer coefficient (k f ) was experimentally determined using the film theory
[23]:
kf =

J salt
 ∆P  J salt
1 −
ln 
Jw
 π b − π p 





(2)

where π p and π b are the osmotic pressures of the permeate and 2000 mg/L NaCl feed solution,
respectively; ΔP is the applied pressure; and J w and J salt are the pure water flux and the water
flux of the 2000 mg/L NaCl feed solution, respectively.
To measure the membrane pure water and salt (NaCl) permeability coefficient in the
presence of a humic acid fouling layer, the membrane was pre-fouled with a feed solution of
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50 mg/L humic acid and a calcium concentration varying between 0 and 4 mM at 10 bar (145
psi) for 10 hours. The membrane pure water and salt (NaCl) permeability coefficients were
then measured using the same protocol as described above.
7.2.3 Zeta potential measurement
The membrane zeta potential was determined using a streaming current electrokinetic
analyser (SurPASS, Anton Paar GmbH, Austria). The zeta potential was calculated from the
measured streaming potential data using the Fairbrother-Mastin method [24]. Streaming
potential measurement was conducted in a background electrolyte solution containing 10 mM
KCl. The same electrolyte solution was used to flush the cell thoroughly prior to automatic
pH titration using either hydrochloric acid (1 M) or potassium hydroxide (1 M). All
measurements were performed at room temperature (approximately 22 ºC), which was
monitored by the temperature probe of the instrument.
Prior to the zeta potential measurement, the humic acid fouled membranes were dried
in a desiccator. The dried membranes were then soaked in Milli-Q water for 24 hours prior to
the measurement. A small amount of humic acid was released into the solution and the rest
was stable on the membrane surface. This procedure effectively prevents the removal of the
humic acid fouling layer due to hydrodynamic shear stress during the streaming potential
measurement [25].
7.2.4 Chemical reagents
Analytical grade sulfamethoxazole and carbamazepine were purchased from Sigma–
Aldrich (St. Louis, MO) and used as model PhACs. They are active ingredients of
pharmaceutical products and have been frequently detected at trace levels in secondary treated
effluents and sewage-impacted water bodies [2]. Their molecular structures and key
physicochemical properties are summarised in Table 7.1. At the experimental pH of 6.5,
sulfamethoxazole is negatively charged due to the dissociation of its amine functional group,
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while carbamazepine is neutral. A stock solution of 2 g/L was obtained by dissolving these
two compounds in pure methanol. The stock solution was stored at -18 °C in the dark and was
used within one month.
Table 7.1: Key physicochemical properties of model PhACs used in this study
Pharmaceutical

Carbamazepine

Sulfamethoxazole
N

O

H
N

O

Structure

N

O

Molecular weight (Da)
pK a a
Log K ow a

S
O
NH2

NH2

236.3
9.73
2.45
0.891
0.529
0.507

253.3
1.7; 5.8
0.89
1.031
0.587
0.526

Length
Molecular dimensions (nm)
Width
Depth
a
From the SciFinder Scholar (ACS) database.
b
Molecular dimensions were calculated using Molecular Modelling Pro Version 6.3.3 (Chem SW
Inc.).
b

Humic acid (Sigma-Aldrich, St. Louis, MO) was selected as a model organic foulant.
Humic acid stock solution (10 g/L) was prepared by dissolving the humic acid powder as
received in Milli-Q water and adjusting the pH to 8.2 with NaOH to ensure complete
dissolution. The stock solution was stored in a sterilized amber glass bottle at 4 °C and was
used within one month.
7.2.5 Forward osmosis setup
A bench-scale flat-sheet cross-flow FO system described in our previous publication
[8] was used (Appendix, Figure S7.1, page 198). The membrane cell had two identical and
symmetrical flow chambers with a length, width and channel height of 130, 95, and 2 mm,
respectively. The membrane sample was inserted between the two chambers to separate the
feed solution from the draw solution. The total effective membrane area for mass transfer was
123.5 cm2.
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Two variable speed gear pumps (Micropump, Vancouver, WA) were used to circulate
the feed and draw solutions. Flow rates of the feed and draw solutions were monitored using
two rotameters and kept constant at 1 L/min (corresponding to a cross-flow velocity of 9
cm/s). The draw solution reservoir was placed on a digital balance (Mettler-Toledo Inc.,
Hightstown, NJ) and weight changes were recorded by a computer to calculate the permeate
flux. The conductivity of the draw solution was continuously measured using a conductivity
probe (Cole-Parmer, Vernon Hills, IL). To maintain constant draw solution concentration, a
peristaltic pump was regulated by a conductivity controller to intermittently dose a small
volume of a concentrated draw solution (6 M NaCl or 4 M MgSO 4 , depending on the type of
draw solution) into the draw solution reservoir (control accuracy was ± 0.1 mS/cm). The
concentrated draw solution makeup reservoir was also placed on the same digital balance.
This setup ensured that the transfer of liquid between the two reservoirs did not interfere with
the measurement of permeate water flux and that the system could be operated at a constant
osmotic pressure driving force during the experiment. Manual control of draw solution
concentration was applied when neutral glucose and urea were used as draw solutes in the FO
experiment. A concentrated glucose (6 M) or urea (6 M) solution was manually added into the
draw solution reservoir every two hours to avoid the dilution of the draw solution and the
decline of osmotic pressure driving force.
7.2.6 Membrane fouling protocol
In all FO experiments, the initial volumes of feed and draw solutions were 4 and 1 L,
respectively. A new membrane sample was used for each experiment. Mass concentrations of
humic acid and each PhAC in the feed solution (20 mM NaCl and 1 mM NaHCO 3 ) were 50
mg/L and 500 µg/L, respectively. The concentration of CaCl 2 varied from 0 to 4 mM in the
feed solution. Approximate 2 mL of feed and draw solution samples were taken at specific
time intervals for HPLC analysis to determine the concentration of the PhACs, and an 8-mL
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aliquot sample of the feed was also collected at the same time to measure the humic acid
concentration.
Because of the dilution of draw solution and the concentration of feed solution, PhAC
permeation (P s ) through the membrane was proposed and employed as an indicator of the
impact of the humic acid fouling layer on the permeation of PhACs. P s was calculated by
taking into account the draw solution dilution using a mass balance. Because the PhAC
permeate concentration in the FO process is diluted by the draw solution, the actual (corrected)
concentration of the target solute, C s(t) , can be obtained by taking into account the dilution
using a mass balance:
Cs (t ) =

Cds (t )Vds (t ) − Cds (t −1)Vds (t −1)
Vw(t )

(3)

where V w(t) is the permeate volume of water to the draw solution at time t; V ds(t-1) is the
volume of draw solution at time (t-1); V ds(t) is the volume of draw solution at time t; C ds(t) is
the measured concentration of target solute in the draw solution at time t; and C ds(t-1) is the
measured concentration of target solute in the draw solution at time (t-1). Subsequently, P s is
calculated using the actual permeate concentration after accounting for water recovery (i.e.,
25% in all experiments), yielding:
Ps =

Cds ( t )Vds ( t )
C f ( 0 )V f ( 0 )

100%

(4)

where C f(0) and V f(0) are the concentrations of the target solute in the feed solution and the
volume of feed solution at zero time.
The reduction in PhAC permeation (P sr ) was used to evaluate the impact of the humic
acid fouling layer on the permeation of PhACs:

Psr =

Ps−clean − Ps− fouled
Ps−clean

100%
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(5)

where P s-clean and P s-fouled are the permeation of PhACs through the clean and humic acid
fouled FO membrane, respectively.
The reverse flux of draw solute J salt and forward hydrogen ion flux J H in the FO
process were determined using the mass balance calculation:

J H or J salt =

(CtVt − C0V0 )
At

(6)

where C 0 and C t are the concentrations of the draw solute or hydrogen ion in the feed at
time 0 and t, respectively; V 0 and V t are the volumes of the feed at time 0 and t, respectively;
A is the membrane area, and t is the operating time of the FO experiment. Draw solute
concentrations of NaCl and MgSO 4 in the feed solution were determined by measuring
electric conductivity and using the calibration curves of NaCl and MgSO 4 , while those of
glucose and urea were determined using total organic carbon (TOC) measurement. The
concentrations of glucose and urea were determined using a TOC analyser (TOC-V CSH ,
Shimadzu, Kyoto, Japan). The hydrogen ion concentration in the feed was determined by the
measurement of feed solution pH value.
The amount of humic acid deposited on the membrane surface was determined using
the mass balance calculation:

mHA =

(Ct −HAVt − C0−HAV0 )
A

(7)

where C 0-HA and C t-HA are the concentrations of humic acid in the feed at time 0 and t,
respectively. The concentration of humic acid was determined by UV absorbance
measurement at 254 nm using a UV-Vis Spectrophotometer (UV-1700, Shimadzu, Kyoto,
Japan). A linear calibration curve with a coefficient of determination (R2) greater than 0.99
between humic acid concentration and UV 254 absorbance was obtained within the
concentration range used in this study.
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7.2.7 Analytical methods
A Shimadzu HPLC system (Shimadzu, Kyoto, Japan), equipped with a Supelco Drug
Discovery C18 column (with a diameter, length, and pore size of 4.6 mm, 150 mm, and 5 µm,
respectively) and a UV–Vis detector, was used to measure the concentration of
carbamazepine and sulfamethoxazole in the feed and draw solution samples. The detection
wavelength was 280 nm. Milli-Q water buffered with 25 mM KH 2 PO 4 and acetonitrile were
used as the mobile phase at a flow rate of 1 mL/min. The sample injection volume was 50 µL.
Calibration yielded a linear curve with a coefficient of determination (R2) above 0.99.
Carbamazepine and sulfamethoxazole analysis was carried out immediately upon the
conclusion of each experiment. The limit of quantification for carbamazepine and
sulfamethoxazole under these conditions was approximately 10 µg/L.
7.3 RESULTS AND DISCUSSION
7.3.1 Impact of fouling on membrane properties
Deposition of humic acid onto the membrane surface was insignificant when the feed
solution contained 50 mg/L of humic acid and no calcium (Figure 7.1). As calcium
concentration in the feed solution increased from 0 to 4 mM, the amount of humic acid
deposited on the membrane surface increased significantly from 1.35 to 7.22 mg/cm2. The
influence of calcium concentration on the deposition of humic acid onto the membrane
surface can be attributed to the complexation between calcium and humic acid molecules [26,
27]. In fact, visual observation of the membrane samples at the end of each experiment
confirmed the proportional increase in humic acid deposition with respect to the increase in
calcium concentration (Appendix, Figure S7.2, page 198).
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Figure 7.1: Reverse salt (NaCl) and hydrogen ion fluxes and the deposition of humic acid
onto the membrane surface as a function of calcium in the feed solution. The deposition of
humic acid was determined by mass balance. The experimental conditions were as follows:
initial concentrations of carbamazepine and sulfamethoxazole in the feed = 500 µg/L, initial
concentration of humic acid = 50 mg/L, initial feed solution pH = 6.5, the background
electrolyte contained 20 mM NaCl, 1 mM NaHCO 3 , and varying concentrations of Ca2+, draw
solution = 0.5 M NaCl, cross-flow rate = 1 L/min for both sides (corresponding to the crossflow velocity of 9 cm/s), and temperatures of the feed and draw solutions = 25 ± 1 °C. Error
bar represents standard deviation from duplicate runs at the specified experimental conditions.

The formation of a humic acid fouling layer on the membrane surface did not result in
significant decrease in the membrane pure water permeability coefficient; however, it led to a
substantial decrease in the membrane salt (NaCl) permeability coefficient (Figure 7.2). It is
noteworthy that the membrane salt (NaCl) permeability coefficient was measured in RO mode
after the membrane was pre-fouled with humic acid at an initial permeate flux of 6.5 L/m2h
(which is also the flux used in the FO experiments). Under this condition, the deposition of
humic acid on the membrane surface could be visually confirmed, but water flux decline was
negligible (Figure S7.2, Appendix) and the water flux behaviour obtained in the RO mode
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was similar to that in the FO mode. Therefore, the membrane pure water and salt (NaCl)
permeability coefficients of the humic acid fouled membrane obtained in RO mode can be
used to assess the impact of the humic acid cake layer on membrane performance in the FO
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Pure water permeability coefficient, A (L/m2hbar)

process.

0.00

Figure 7.2: Pure water and salt (NaCl) permeability coefficients in clean and humic acid
matrices with calcium concentrations from 0 to 4 mM. Error bar represents standard deviation
from duplicate experiments.
Possessing a large number of free hydroxyl and carboxylic functional groups, the humic
acid layer can be highly hydrated [28]. These hydrated humic acid molecules can block the
membrane pores and enhance solute rejection by steric hindrance, which reduces solute
transport through the membrane. In the FO process, the transport of water through the
membrane is driven mostly by diffusion. This is also true in the RO mode when the permeate
flux is sufficiently low. Unlike convective transport, the diffusion of water molecules through
the membrane pores is not adversely influenced by a hydrated humic acid layer on the
membrane surface, because the hydrated humic acid layer provides more available sites,
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which facilitate the diffusion of water molecules and thereby, compensate for the blockage of
membrane pores [29]. As a result, the humic acid fouling layer reduced the membrane solute
(NaCl) permeability coefficient but did not induce any significant impact on the membrane
water permeability coefficient (Figure 7.2).
7.3.2 Impact of fouling on water and reverse salt fluxes
Generally, the presence of the humic acid fouling layer did not result in any significant
FO water flux decline (Figure 7.3). Using 0.5 M NaCl as the draw solution, the water flux
decreased slightly from 6.5 to 5.1 L/m2h within the first hour of filtration and remained stable
at 5.1 L/m2h throughout the remaining duration of the experiment. Without humic acid in the
feed (denoted as ‘clean matrix’), the water flux decline was insignificant. Similarly, no
significant water flux decline could be observed even when a discernible humic acid fouling
layer formed on the membrane surface at high calcium ion concentrations. This negligible
flux decline can be explained by the relatively low water permeate flux and low humic acid
fouling layer resistance under the experimental conditions. At a low water permeate flux, the
external and internal concentration polarizations are negligible and thus the impact of a humic
acid cake layer on permeate flux is expected to be insignificant. Furthermore, the estimated
humic acid layer resistance (R c ) was less than 1% of the membrane intrinsic resistance
(Appendix, page 197). Our results are consistent with a recent study by Parida and Ng [30]
who also reported limited water flux decline when they examined FO fouling using a feed
matrix containing up to 50 mg/L organic foulant and 5 mM calcium.
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Figure 7.3: The permeate water flux of humic acid fouling in forward osmosis (FO). FO
experimental conditions: the initial feed pH = 6.5 and the feed solution contained 50 mg/L
humic acid in a background electrolyte (20 mM NaCl, 1 mM NaHCO 3 , and varying
concentrations of Ca2+ from 0 to 4 mM). Draw solution = 0.5 M NaCl. Cross-flow rate = 1
L/min (corresponding to the cross-flow velocity of 9 cm/s). Temperatures of feed and draw
solutions were 25 ± 1 °C.
The formation of a humic acid fouling layer rendered the membrane surface more
negatively charged. In addition, the membrane surface became more negatively charged as
calcium concentration in the feed solution increased (Figure 7.4). The increase in membrane
negative surface charge could reduce the transport of feed and draw solution ions in the
forward and reverse directions. Consequently, at the experimental pH value of 6.5, as the
calcium concentration in the feed solution increased from 0 to 4 mM, the membrane zeta
potential changed from -5 to -38 mV (Figure 7.4) and the reverse draw salt (NaCl) flux
decreased by more than ten-fold, from 3.49 to 0.22 g/m2h (Figure 7.1). Ion transport in the FO
process is bi-directional [18]; thus, a decrease in the reverse draw salt (NaCl) flux also led to a
decrease in the forward hydrogen ion flux as observed in Figure 1. It is likely that the reverse
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flux of Cl- was hindered by an enhanced electrostatic interaction with the more negatively
charged humic acid fouling layer. To maintain the electroneutrality of the feed solution, the
forward diffusion of hydrogen ions was coupled with the reverse permeate of draw solution
Na+ [8, 15]. Therefore, the forward hydrogen ion flux also decreased with the decrease in the
reverse draw salt flux as the concentration of calcium increased from 0 to 4 mM.
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Figure 7.4: Zeta potential of virgin and humic acid-fouled FO membranes. A humic acidfouled membrane was dried in a desiccator and then soaked in Milli-Q water for 24 hours
prior to the measurement. The humic acid fouling experimental conditions were described in
Figure 7.1. Error bar represents the standard deviation of duplicate measurements of two
membrane samples at the specified experimental conditions.
7.3.3 Impact of fouling on PhAC permeation
7.3.3.1 Role of calcium and humic acid fouling
Permeation of the neutral carbamazepine decreased substantially from 23% under
clean membrane conditions to 14% when humic acid was introduced to a feed solution that
did not contain calcium (Figure 7.5). The molecular width of carbamazepine is 0.529 nm
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(Table 7.1) while the membrane pore diameter is 0.74 nm [8]. Thus, it is possible that the
hydrated humic acid fouling layer could have hindered solute transport through the membrane
pore, thereby reducing the permeation of carbamazepine as humic acid fouling occurred.
Hindrance of carbamazepine permeation caused by the hydrated humic acid fouling layer was
further enhanced as calcium was introduced to the feed solution, (which also led to an
increase in the deposition of humic acid on the membrane surface as reported in section 7.3.1).
Indeed, carbamazepine permeation decreased further to 3% as the calcium concentration in
the feed solution increased from 0 to 4 mM (Figure 7.5).
The molecular width of sulfamethoxazole is slightly larger than that of carbamazepine.
More importantly, at pH 6.5, both the membrane and more than 90% of sulfamethoxazole
molecules are negatively charged (Figure 7.4). Thus, in addition to steric hindrance,
electrostatic interaction also plays an important role in the rejection of this compound [8]. As
a result, permeation of the charged sulfamethoxazole was considerably smaller than that of
the neutral carbamazepine. The permeation of the negatively charged sulfamethoxazole
decreased from 10% in the clean matrix to 6.1% in the humic acid matrix with no calcium in
solution (Figure 7.5). The permeation of sulfamethoxazole decreased further to 1.2% as the
deposition of humic acid on the membrane surface increased due to the introduction of 4 mM
calcium to the feed solution. It is noteworthy that reduction in the permeation of both
carbamazepine and sulfamethoxazole correlates very well with the decrease in the membrane
salt (NaCl) permeability coefficient reported in section 7.3.1. Coefficients of determination
(R2) of the linear regression between the membrane salt (NaCl) permeability coefficient and
the reduction in carbamazepine and sulfamethoxazole permeation were 0.996 and 0.997,
respectively.
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Figure 7.5: Permeation of carbamazepine and sulfamethoxazole in the clean matrix and in the
humic acid matrix at varying concentrations of Ca2+. The experimental conditions were
described in Figure 7.1. The error bar represents the standard deviation from duplicate
experiments.
7.3.3.2 Role of reverse draw salt flux
To provide further insight into the impact of the humic acid fouling layer on the
passage of carbamazepine and sulfamethoxazole through the FO membrane, MgSO 4 , urea,
and glucose were also used as the draw solutes, in addition to NaCl, to obtain a range of
reverse draw solute fluxes (Figure 7.6). In a clean matrix, reverse draw solute flux could
hinder the forward diffusion of neutral solutes, through a phenomenon known as ‘retarded
forward diffusion’, thereby reducing their permeation through the FO membrane [8]. In
agreement with the retarded forward diffusion phenomenon, permeation of neutral
carbamazepine in the clean matrix is inversely proportional to the reverse draw solute flux
(Figure 7.6), which is in the order of urea < NaCl < glucose < MgSO 4 (Figure 7.7) when these
draw solutes were used in FO experiments.
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Figure 7.6: (A) The flux of reverse draw solute and (B) the deposition of humic acid in clean
and humic acid matrices using 0.5 M NaCl, 2.5 M MgSO 4 , 3 M glucose, and 3.5 M urea as
draw solutions, respectively. The experimental conditions were as follows: the initial
concentrations of carbamazepine and sulfamethoxazole in the feed = 500 µg/L, initial feed pH
= 6.5, initial humic acid concentration = 50 mg/L, the background electrolyte solution
contained 20 mM NaCl, 1 mM NaHCO 3 , and 2 mM Ca2+. Varying draw solutions of 0.5 M
NaCl, 2.5 M MgSO 4 , 3 M glucose, and 3.5 M urea were used to induce the same initial water
flux. The feed and draw solution temperature was 25 ± 1 °C. Cross-flow rate = 1 L/min for
both sides (corresponding to the cross-flow velocity of 9 cm/s).

Different types and degrees of reverse draw solute flux resulted in varying amounts of
humic acid deposited on the membrane surface. The amount of humic acid deposited on the
membrane surface for the fouling experiments with the four types of draw solutes was in the
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following order: NaCl > MgSO 4 ≈ urea ≈ glucose (Figure 7.6). Reverse transport of ionic
NaCl draw solute likely elevated the localized ionic strength in the fouling layer and led to
further aggregation of humic acid foulant, thereby promoting the deposition of humic acid
[31].
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varying types and concentrations of draw solutes in FO. Other experimental conditions were
described in Figure 7.6.
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Varying deposition of humic acid on the membrane surface using four types of draw
solutes led to differing reductions in the permeation of carbamazepine and sulfamethoxazole.
The reductions occurred in the following order: NaCl > MgSO 4 ≈ urea ≈ glucose (Figure 7.7),
which was the same as the order of draw solutes observed when measuring the amount of
humic acid deposition on the membrane surface (Figure 7.6). This observation was consistent
with our hypothesis that the hydrated humic acid fouling layer hindered feed solute transport
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Figure 7.8: Comparison of (A) permeation of sulfamethoxazole and carbamazepine, and (B)
reverse salt (NaCl) flux among virgin membrane, humic acid fouled membrane, and
physically cleaned membrane at an initial feed pH of 6.5. Experimental conditions for the
physically cleaned membrane were: initial concentrations of sulfamethoxazole and
carbamazepine in the feed = 500 µg/L, initial pH = 6.5, the background electrolyte contained
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20 mM NaCl and 1 mM NaHCO 3 , draw solution = 0.5 M NaCl, cross-flow rate = 1 L/min for
both sides (corresponding to the cross-flow velocity of 9 cm/s), temperatures of the feed and
draw solutions = 25 ± 1 °C.
7.3.4 PhAC permeation after physical cleaning of the membrane
Membrane cleaning was conducted by increasing the cross-flow velocity from 9 to 18
cm/s. Because of the low hydraulic resistance and loose structure of the humic acid cake
layer, which is a characteristic of the fouling layer in FO [27], it is not surprising that the
humic acid cake layer was fully removed by the increase in the shearing rate. This physical
cleaning restored the permeation of carbamazepine and sulfamethoxazole as well as the
reverse salt (NaCl) flux to those of the virgin (clean) membrane (Figure 7.8). The reversible
fouling behaviour observed here confirms a weak adhesion of humic acid to the membrane
surface [27] and suggests that humic acid did not penetrate into the membrane pores.
7.4 CONCLUSIONS
Results reported here indicate that calcium in the feed solution promoted the
deposition of humic acid onto the membrane surface. Higher deposition of humic acid was
also observed when NaCl was used as the draw solute due to an increase in ionic strength at
the membrane interface in comparison to MgSO 4 , glucose, and urea, which exhibited a
negligible reverse solute flux or are organic based. The increase in humic acid deposition on
the membrane surface led to a substantial decrease in the membrane salt (NaCl) permeability
coefficient but did not result in a significant decrease in the membrane pure water
permeability coefficient. The decrease in carbamazepine and sulfamethoxazole permeation as
the deposition of humic acid increased, which correlated well with the decrease in the
membrane salt (NaCl) permeability coefficient. It is hypothesized that the hydrated humic
acid fouling layer hindered solute transport through the membrane pores and enhanced steric
hindrance, but not the diffusion of water. Results reported here also indicate that the humic
acid did not penetrate into the membrane pores.
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7.6 APPENDIX
Determination of the resistance of humic acid fouling layer
The ratio of the resistance of the fouling layer (R c ) to the intrinsic resistance of the
membrane (R m ) can be used to describe the contribution of the fouling layer to overall water
flux decline. The fouling layer resistance (R c ) was determined by measuring the deposited
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mass of humic acid on the membrane surface using the mass balance calculation. The intrinsic
membrane resistance (R m ), determined from the membrane water permeability coefficient, A,
was 5.5 × 1014 m−1. After determining the amount of humic acid deposited on the membrane
surface (M h ), the fouling layer resistance was calculated using the Carman–Kozeny equation:
𝑅𝑐 = 𝑙𝑐 𝑟𝑐

𝑙𝑐 =

𝑀ℎ
𝜌ℎ (1 − 𝜀)𝐴

(1 − 𝜀)2
𝑟𝑐 = 180
𝑑ℎ2 𝜀 3

where r c is the specific fouling layer resistance (per unit length of fouling layer thickness); l c
is the fouling layer thickness; M h is the deposited humic acid mass per unit membrane
area; ρ h is the density of the humic acid (1.23 g/cm3); ε is the porosity of the humic acid
fouling layer, which is estimated to be 0.5; A is the effective membrane surface area; and d h is
the diameter of humic acid, which is estimated to be 172 nm.

Figure S7.1: Schematic diagram of the laboratory scale FO system.
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50 mg/L humic acid + 0 mM Ca2+

50 mg/L humic acid + 1 mM Ca2+

50 mg/L humic acid + 2 mM Ca2+

50 mg/L humic acid + 4 mM Ca2+

Figure S7.2: Visual observation of humic acid fouling at Ca2+ concentration from 0 to 4 mM.
The experimental conditions were: the initial feed pH = 6.5, the feed solution contained 50
mg/L humic acid in a background electrolyte (20 mM NaCl, 1 mM NaHCO 3 and varying
concentration of Ca2+ between 0 and 4 mM; draw solution = 0.5 M NaCl; cross-flow rate = 1
L/min (corresponding to the cross-flow velocity of 9 cm/s). Temperatures of feed and draw
solutions were 25 ± 1 °C.
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Figure S7.3: Water flux of humic acid fouling in RO mode. Experimental conditions were:
feed solution pH = 6.5, feed solution contained 50 mg/L humic acid and 2 mM Ca2+,
operating pressure 10 bar, cross-flow rate = 1 L/min, cross-flow velocity = 25 cm/s,
temperature = 25 ± 1 °C.
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CHAPTER 8: Impact of Organic and Colloidal
Fouling on Trace Organic Contaminant
Rejection by Forward Osmosis: Role of Initial
Permeate Flux

This chapter was published as: M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Impact of organic and colloidal
fouling on trace organic contaminant rejection by forward osmosis: Role of initial permeate flux, Desalination,
336(2014) 146-152.
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Science does not know its debt to imagination.
Ralph Emerson
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8.1 INTRODUCTION
The advancement of water treatment processes with low energy consumption that can
ensure a reliable, safe, and adequate supply of water is essential in the context of continuing
urbanisation, population growth, and climate change [1]. Extracting clean water from
unconventional sources, such as seawater and secondary treated effluent, has been recognised
as an important avenue to secure a reliable freshwater supply that is independent of the
hydrological cycle. Reverse osmosis (RO) membranes have been widely used for both
seawater desalination and water reclamation. However, the RO process can be energy
intensive, particularly for seawater desalination.
A notable approach to reduce energy consumption by seawater desalination is to use
osmotic dilution by operating forward osmosis (FO) and RO processes in tandem [2-3]. In
this concept, FO can safely and efficiently facilitate the use of wastewater or any other
impaired water sources to dilute the seawater entering an RO desalination plant. The FO
membrane acts as a selective barrier that rejects contaminants and foulants but allows pure
water to permeate through to dilute the seawater. Because membrane fouling is generally less
problematic in FO than RO, the FO process can also act as a pre-treatment step prior to RO
filtration [4]. Although this approach offers a double barrier for contaminant removal, there
remain several challenges associated with the reclamation of impaired water for potable use,
especially concern over the occurrence of trace organic contaminants (TrOCs) in municipal
wastewater [5].
FO processes have recently received increasing attention as a potential new
technology for the treatment of highly contaminated water. One example is the use of FO
membranes in commercially available personal hydration packs, which use a mixture of sugar
and nutrient as the draw solute to provide energy drinks from any water source in emergency
situations. In this example, and in the osmotic dilution process described above, it is essential
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to ensure the removal of TrOCs from the source water. Indeed, several recent studies have
shown that the rejection of TrOCs by FO membranes could be significantly influenced by
membrane properties [6], physicochemical properties of the solutes [7-9] and solution
chemistry [10]. However, since the FO process can be applied to water sources with high
fouling propensity, a major research gap is to understand the impact of membrane fouling on
the rejection of TrOCs.
The fouling layer may change the membrane surface characteristics, leading to
changes in the rejection of TrOCs. Hancock et al. [8] observed that rejection of TrOCs by the
FO membrane substantially increased when the membrane was fouled by wastewater effluent.
Valladares Linares et al. [9] also reported an increase in rejection of ionic and neutral TrOCs
by an FO membrane that was fouled by secondary treated effluent. However, it is noteworthy
that these studies were conducted using cellulose-based FO membranes, which were able to
generate relatively low permeate water flux (less than 10 L/m2h). To date, however, little is
known about the impact of fouling on TrOC rejection by the new generation thin-film
composite (TFC) FO membranes which can offer much higher permeate water fluxes due to
their superior intrinsic transport properties compared to the asymmetric cellulose-based FO
membranes.
Initial permeate water flux could alter the structure of the fouling layer and thus result
in notably different fouling behaviour in the FO process. Mi and Elimelech [11] observed a
severe water flux decline at the early stage of filtration when the feed water contained model
organic foulants (i.e., alginate, humic acid and bovine serum albumin) at a high initial
permeate flux. Similar observations were also reported by Tang et al. [12] and Zou et al. [13]
who examined the fouling behaviour of humic acid and alginate as a function of initial
permeate flux. In addition, direct microscopic observation of membrane fouling in FO also
highlighted the effect of initial permeate flux on fouling behaviour. Wang et al. [14] observed
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a dramatic increase in the amount of latex particles deposited onto the membrane surface
when the initial permeate flux was greater than 28 L/m2h. Zou et al. [15] investigated the
fouling behaviour of micro-algae as a function of initial permeate flux and observed
significant deposition of algae when the initial permeate flux was above 10 L/m2h. However,
to date, no attempt has been made to elucidate the impact of fouling layer structures that are
formed at both low and high initial permeate fluxes on the rejection of TrOCs.
The aim of this chapter was to elucidate the fouling behaviour of humic acid and
colloidal particles at different initial water fluxes and the associated impact on the rejection of
TrOCs by FO. Membrane fouling behaviours were characterised in terms of water flux
decline and water flux recovery after membrane flushing to gain insights on fouling layer
structure. Mechanisms accountable for the rejection of TrOCs at different initial permeate
fluxes were proposed by relating TrOC rejection behaviour to the different characteristics of
fouling layer structures.
8.2 MATERIALS AND METHODS
8.2.1 FO membrane and characterisations
A commercially available high-performance TFC FO membrane (Oasys Water,
Boston, MA) was used. The membrane is composed of a thin selective polyamide active layer
on top of a porous polysulfone support layer. The membrane pure water permeability
coefficient (A), salt (NaCl) permeability coefficient (B), and structural parameter (S) were
measured using the method previously described by Cath et al [16]. A streaming current
electrokinetic analyser (SurPASS, Anton Paar GmbH, Austria) was used to measure the
streaming potential from which the zeta potential of the membrane surface was calculated
using the Fairbrother-Mastin method [17]. Streaming potential measurements were conducted
in a background electrolyte solution containing 10 mM KCl. The same electrolyte solution
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was used to flush the cell thoroughly prior to automatic pH titration using either hydrochloric
acid (1 M) or potassium hydroxide (1 M).
8.2.2 Model TrOCs and foulants
Twelve organic compounds were selected to represent TrOCs with a range of charge,
hydrophobicity and molecular weight (Table 8.1). These compounds have been frequently
detected in wastewater and sewage-impacted water bodies at concentrations from a few ng/L
to several µg/L. A combined stock solution containing 1 g/L of each TrOC was prepared in
methanol. The stock solution was kept at −18 °C in the dark and was used within one month.
Aldrich humic acid and Ludox HS-30 silica colloids from Sigma-Aldrich were used to
represent organic and colloidal foulants, respectively. The average hydrodynamic radii of
Aldrich humic acid and Ludox colloidal silica are approximate 6 nm [18] and 12 nm [19],
respectively. A humic acid stock solution of 10 g/L was prepared by dissolving the humic
acid powder in Milli-Q water and stored in a sterilized amber glass bottle at 4 °C. The humic
acid solution was used within one month. The Ludox HS-30 colloidal silica suspension (35
wt%) was sonicated for 15 min to ensure complete dispersion before adding to the feed
solution. Membrane fouling and its subsequent impact on TrOC rejection were examined
using either humic acid or silica colloids.
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Table 8.1: Key physicochemical properties of selected trace organic contaminants (TrOCs).
Molecular
Log D a,b
pK a a
weight (g/mol)
(pH 7)
Amitriptyline
277
2.28
9.18
Trimethoprim
290
0.27
7.04
Charged
Sulfamethoxazole
253
-0.96
5.18
Diclofenac
296
1.77
4.18
Bezafibrate
362
-0.93
3.29
Caffeine
194
-0.63
0.52
Atrazine
216
2.64
2.27
Primidone
218
0.83
12.26
Neutral
Carbamazepine
236
1.89
13.94
Pentachlorophenol
266
2.85
4.68
Linuron
249
3.12
12.13
Triclosan
290
5.28
7.8
a
Values for pK a and log D were obtained from the SciFinder Scholar (ACS) database
b
Log D refers to the logarithm of the octanol-water distribution coefficient at specific pH
value
Compound

Category

8.2.3 FO apparatus and experimental protocol
Membrane fouling and subsequent TrOC rejection experiments were conducted using
a cross-flow FO membrane system [20] (Figures S8.1 and S8.2, Appendix, page 222). The
feed and draw solution temperatures were maintained at 25.0 ± 0.1 ºC using a temperature
control unit (Neslab RTE 7). The cross-flow rates of both feed and draw solutions were
maintained at 1 L/min (corresponding to cross-flow velocity of 9 cm/s). Both feed and draw
solutions were recirculated during the experiments. The draw solution concentration was kept
constant during the experiments using a conductivity controller, which regulated a peristaltic
pump to add a small volume of a concentrated draw solution (6 M of NaCl) to the draw
solution reservoir when the draw solution conductivity was below the set point (the control
accuracy was ± 0.1 mS/cm). Both the draw solution and concentrated draw solution makeup
reservoirs were placed on the same digital balance. Hence, the transfer of liquid between the
two reservoirs did not interfere with the measurement of permeate water flux.
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The initial volumes of the feed and draw solutions were 5 and 1 L, respectively. For
each experiment, a new membrane sample was placed in the membrane cell. The FO system
was then stabilised using the background solution (20 mM NaCl, 1 mM NaHCO 3 and 1 mM
CaCl 2 ) for at least one hour. Next, humic acid or silica colloidal stock solutions was
introduced to the feed solution to obtain the target feed foulant concentrations of either 100
mg/L humic acid or 1 g/L colloidal silica, respectively. The initial water flux was set at 9 or
20 L/m2h by using an appropriate concentration of the NaCl draw solution. The high initial
water flux value of 20 L/m2h was selected to simulate a typical water flux in a wastewater
reclamation RO plant [21], while the low initial water flux value of 9 L/m2h was selected to
represent the water flux obtained by current state-of-the-art commercial cellulose triacetate
FO membranes (Hydration Technology Innovations, Albany, OR) using 0.5 M NaCl draw
solution (equivalent to seawater). A baseline experiment (i.e., clean feed without any foulant)
was carried out to correct the flux decline due to the continuous concentration of the feed
solution and the reverse diffusion of draw solute. Fouling experiments at the conditions
described above were carried out for 20 hours.
TrOC rejection experiments by the fouled membrane were conducted immediately
after the fouling experiment. The feed solution was replaced with the same background
solution which contained 2 µg/L of each TrOC. The draw solution was the same as that used
in the fouling experiment. The TrOC rejection experiment was concluded when 1 L water had
permeated through the fouled membrane. Feed and draw solution samples (500 mL in
volume) were taken at the beginning and after 1 L water had permeated through the fouled
membrane. Samples were analysed using the preparation and protocols given in section 8.2.5.
TrOC rejection by the clean membrane was conducted using the same protocols except that
the concentration of the draw solution was adjusted to attain the same water flux as that at the
conclusion of the fouling experiment.
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TrOC rejection was calculated taking account of the dilution of the draw solution
using a mass balance approach. The dilution factor (DF) is defined as:

DF =

Vds , f

(1)

Vp

where V ds,f is the final volume of the draw solution and V p is the volume of permeate. Hence,
the actual TrOC rejection, R, is calculated using:
 DF × Cds , f
R = 1 −

C f ,0



100%



(2)

Here, C ds,f is the final concentration of TrOC in the draw solution and C f,0 is the initial
concentration of TrOC in the feed solution.
The reverse draw solute flux was determined using mass balance as follows:

J salt =

(CtVt − C0V0 )
At

(3)

where C 0 and C t are the concentrations of the draw solute in the feed at time 0 and t,
respectively; V 0 and V t are the volumes of the feed at time 0 and t, respectively; A is the
membrane area; and t is the operating time of the experiment. Draw solute concentration of
NaCl in the feed solution was determined using electrical conductivity measurements and
calibration using standard NaCl solutions.
8.2.4 Characterization of fouling layer
The morphology of the fouling layer on the membrane surface under two different
initial water fluxes was characterised using a scanning electron microscope (SEM) (JEOL
JCM-6000, Tokyo, Japan). Prior to SEM analysis, fouled membrane samples were air-dried in
a desiccator and subsequently coated with an ultra-thin layer of carbon using a carbon sputter
(SPI Module, West Chester, PA).
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The reversibility of the fouling layer was determined by physically flushing it at an
elevated cross-flow velocity (i.e. 18 cm/s or twice the value used in the fouling experiment)
for 30 min using a 10 mM NaCl solution [4]. This membrane flushing procedure was
conducted immediately at the conclusion of the fouling experiment (section 8.2.3). During the
cleaning step, the draw solution was replaced by a 10 mM NaCl solution (i.e., same osmotic
pressure as the feed solution) to avoid any permeation of water through the membrane. The
water flux recovery, R water , is defined as:
Rwater =

Jc − Ja
100%
Jb − J a

(4)

where J a is the water flux after fouling, J b is the water flux by of clean membrane, and J c is
the water flux after physical cleaning of the membrane.
8.2.5 Analytical methods
TrOC concentrations in the feed and draw solution samples were determined using a
liquid chromatography – mass spectrometry (LC-MS) method as described elsewhere [22].
Briefly, samples were prepared using solid phase extraction followed by quantitative
measurement using an LC-MS system (LC-MS 2020, Shimadzu, Japan) equipped with
an electrospray ionization (ESI) interface. The LC-MS analysis was conducted in selective
ion monitoring mode: ESI positive ionization [M+H]+ mode was adopted for caffeine,
primidone, trimethoprim, sulfamethoxazole, carbamazepine, bezafibrate, atrazine, linuron and
amitriptyline, while ESI negative ionization [M-H]- mode was used for pentachlorophenol,
diclofenac and triclosan.
8.3 RESULTS AND DISCUSSION
8.3.1 Membrane properties
The characterised membrane pure water permeability (A), salt (NaCl) permeability (B)
and structural parameter (S) are tabulated in Table 8.2. The TFC FO membrane has a much
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higher water permeability coefficient and a slightly higher salt permeability coefficient
compared to asymmetric cellulose triacetate FO membranes that were used extensively in
previous FO studies [23]. Thus, using 0.25 and 1 M NaCl as draw solutions and deionized
water as feed, the TFC FO membrane yielded markedly higher water fluxes in FO mode (9
and 20 L/m2h, respectively) than those obtained with commercially available asymmetric
cellulose triacetate FO membranes [23].
Table 8.2: Key membrane properties of the TFC membrane (average ± standard deviation
from duplicate measurements)
Water permeability coefficient, A (L/m2hbar)
Salt (NaCl) permeability coefficient, B (L/m2h)
Membrane structure parameter, S (µm)
Zeta potential at pH 6.5 (mV)

4.7 ± 0.2
0.164 ± 0.030
524 ± 110
-17.8

8.3.2 Membrane fouling behaviour
8.3.2.1 Water flux decline
Different initial permeate flux values resulted in notably different water flux decline
for humic acid (Figure 8.1a) and colloidal particles (Figure 8.1b). The water flux decline was
relatively small at the low initial permeate flux (9 L/m2h) for both humic acid and colloidal
particles, with normalized water fluxes (J w /J w,0 ) for humic acid and colloidal particles at the
conclusion of the fouling experiments attaining values of 0.89 and 0.81, respectively. By
contrast, substantial water flux decline was observed at the high initial permeate flux (20
L/m2h) for humic acid and colloidal particles. For fouling runs at the high initial water flux,
two distinct stages of water flux decline could be seen for both humic acid and colloidal
fouling. Water flux decreased significantly during the first ten hours of filtration for humic
acid (Figure 8.1a). This severe water flux was initiated by adsorption of humic acid to the
membrane surface, followed by a continuous build-up of a cohesive and compact humic acid
fouling layer [24-25]. Similarly, water flux decreased dramatically to 12 L/m2h within three
hours for colloidal fouling (Figure 8.1b). Similar water flux behaviour has been reported by
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Boo et al. [26] who examined silica fouling in FO and ascribed it to formation of a cohesive
silica fouling layer on the membrane surface. We hypothesize that foulants accumulated on
the membrane surface transitioned from a fluid-like, sparse, loose fouling layer at low initial
permeate flux to a more compact and cohesive fouling layer at high initial permeate flux [27].
(a1)

Water flux (L/m2h)

20

(a) Humic Acid

16
5 μm

12

(a2)
8

4

5 μm

0

200

400

600

800

1000 1200 1400

Time (min)
24

(b) Colloidal Particles

(b1)

Water flux (L/m2h)

20
16

5 μm

12

(b2)

8
4

5 μm

0

200

400

600

800

1000 1200 1400

Time (min)

Figure 8.1: Comparison of (a) humic acid and (b) colloidal particle fouling under two initial
water fluxes. SEM images were taken after humic acid (Figures a1 and a2) and colloidal
particle (Figures b1 and b2) fouling at an initial water flux of 9 and 20 L/m2h, respectively.
Experimental conditions were: feed solution contained either 100 mg/L humic acid or 1 g/L
colloidal silica in a background electrolyte solution (20 mM NaCl, 1 mM NaHCO 3 and 1 mM
CaCl 2 ); draw solutions to generate initial water flux of 9 and 20 L/m2h were 0.25 and 1 M
NaCl, respectively. Temperatures of feed and draw solutions were 25 ± 1ºC; cross-flow rates
of feed and draw solutions were 1 L/min (corresponding to cross-flow velocity of 9 cm/s).
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8.3.2.2 Fouling layer structure
To examine the transition between a fluid-like cake at low initial permeate flux and a
cohesive compact cake at high initial permeate flux, fouling layer structures were
characterised by SEM images and through recovery of water flux after physical cleaning of
the fouled membranes. Differences in fouling layer morphology under these two initial
permeate flux values observed by SEM analysis were small (Figure 8.1). However, water flux
recovery was notably higher when the membrane was fouled at the initial permeate flux of 9
L/m2h compared to that at the higher value of 20 L/m2h (Figure 8.2). This observation is
consistent with our hypothesis that the fouling layer at low initial permeate flux was much
less cohesive compact than that at the higher flux of 20 L/m2h. Previous studies with pressuredriven NF and RO membranes filtration reported that the initial permeate flux induced a
transition in fouling layer structure. Kim and Hoek [28] concluded that the structure of any
colloidal fouling layer (i.e., porosity and density) was highly dependent on the initial
permeate flux. In a later study, Chen et al. [29] simulated the transition of a colloidal fouling
layer from fluid-like to solid-like structure when the initial permeate flux increased.
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Figure 8.2: Comparison of water flux recoveries after physical cleaning of (a) humic acid and
(b) colloidal particle fouled membrane under two initial water fluxes. Physical cleaning of the
colloidal particle fouled membrane was carried out with: 10 mM NaCl foulant-free cleaning
solution, no permeate water flux and cross-flow rate of 2 L/min (corresponding to cross-flow
velocity of 18 cm/s), for a total cleaning time of 30 min. The water flux recovery was
calculated using Eq. 4. Error bars represent standard deviation from duplicate experiments.
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8.3.3 Impact of membrane fouling on TrOC rejection
8.3.3.1 General behaviour
Impacts of membrane fouling on TrOC rejection were markedly different by fouling
layer at different initial permeate fluxes (Figures 8.3 and 8.4). Generally, TrOC rejection
increased by fouling layer at low initial permeate flux of 9 L/m2h; whereas that decreased by
fouling layer at high initial permeate flux of 20 L/m2h. TrOC rejection could be related to
varying fouling layer structure at different initial permeate flux.
8.3.3.2 Relationship between TrOC rejection and fouling layer structure
The difference in TrOC rejection could be correlated to the difference in the fouling
layer structures at low and high initial permeate fluxes. TrOC rejections increased by the
loose fouling layer at low initial permeate flux of 9 L/m2h (Figures 8.3a and 8.4a). The loose
fouling layer enhanced steric hindrance by pore blockage, which was consistent with previous
studies [30-31]. This mechanism was evident by the fact that the increase in rejection of
neutral TrOCs with low molecular weight (e.g., caffeine) was more significant than that of
neutral TrOCs with high molecular weight (e.g., carbamazepine). Similarly, the enhanced
steric hindrance also played an important role in rejection of charged TrOCs, the increment of
which became less significant with the increase of molecular weight for charged TrOCs. By
contrast, TrOC rejection was reduced by the stagnant compact fouling layer structures at the
high initial permeate flux of 20 L/m2h (Figures 8.3b and 8.4b). This decrease in rejection by
the stagnant compact fouling layer could be mainly driven by cake-enhanced concentration
polarisation as previously reported by Ng and Elimelech [32]. The stagnant fouling layer
hindered the diffusion of feed TrOC solute back to the bulk solution, resulting in an elevated
concentration of feed TrOC solute within the stagnant compact fouling layer [33].
Consequently, the cake-enhanced concentration polarization led to an elevated concentration
gradient of feed TrOC across the membrane, and hence, a lower rejection. In fact, a similar
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decrease in TrOC rejection was also observed in NF and RO filtration. Nghiem et al [25]
attributed the decrease in rejection of bisphenol A by a humic acid fouled membrane to cakeenhanced concentration polarization. Vogel et al. [34] proposed cake-enhanced concentration
polarization to be responsible for the dramatic decrease in rejection of sulfamethoxazole,
ibuprofen and carbamazepine by a colloidal particle fouled membrane.
The impact of initial permeate flux on fouling behaviour and TrOC rejection reported
here has important implications for the operation and management of an FO process for the
treatment of source waters with high fouling propensity, such as wastewater. A trade-off
between obtaining high water flux and minimizing the negative impact of membrane fouling
should be considered in system design and operation. Much attention should, therefore, be
paid to determine an appropriate initial permeate flux for an FO process in order to prevent
deleterious fouling and to secure the quality of the product water. In addition, these findings
are also relevant to seawater desalination where membrane fouling and associated impact on
boron rejection are critical to the process.
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Figure 8.3: Comparison of rejection of trace organic contaminants (TrOCs) by clean and
humic acid fouled membranes at initial permeate fluxes of (a) 9 L/m2h and (b) 20 L/m2h. Feed
solution contained 2 µg/L of each TrOC in a background electrolyte (1 mM NaHCO 3 and 20
mM NaCl). TrOC rejections by clean and humic acid fouled membranes were measured at the
same permeate water flux by varying the concentration of the NaCl draw solution.
Temperatures of feed and draw solutions were maintained at 25.0 ± 0.1°C. Cross-flow rates of
feed and draw solutions were 1 L/min (corresponding to cross-flow velocity of 9 cm/s). Error
bars represent standard deviation from duplicate experiments. Symbols of +, -, nh and n
denote negatively charged, positively charged, neutral hydrophobic, and neutral hydrophilic
compounds.
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Figure 8.4: Comparison of rejection of trace organic contaminants by clean and colloidal
particle fouled membranes at initial permeate fluxes of (a) 9 L/m2h and (b) 20 L/m2h. Error
bars represent standard deviation from duplicate experiments. Experimental conditions and
symbols were described in Figure 8.3.
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8.4 CONCLUSIONS
Results reported here indicate that the initial permeate water flux has a significant
impact on the fouling behaviour and TrOC rejection in an FO process. Fouling behaviours of
humic acid and colloidal particles were markedly different at initial permeate fluxes of 9 and
20 L/m2h. Water flux decline was relatively insignificant for fouling at the low initial
permeate flux of 9 L/m2h, whereas substantial decrease in water flux was observed for
frouling at high initial permeate flux (20 L/m2h). More importantly, the water flux recovery
after physical cleaning of the fouled membrane was consistently higher for fouling runs at the
lower initial permeate flux value (9 L/m2h) than that at 20 L/m2h. Thus, it is hypothesized that
the fouling layer structure transitioned from a fluid-like loose layer at an initial water flux of 9
L/m2h to a stagnant compact layer at an initial permeate flux of 20 L/m2h. As a result, a fluidlike loose layer that was formed at initial permeate flux of 9 L/m2h caused pore blockage and
thus enhanced steric hindrance, thereby leading to an increase in TrOC rejection. By contrast,
the cohesive and compact fouling layer that was formed at an initial permeate flux of 20
L/m2h exacerbated cake-enhanced concentration polarization and resulted in a decrease in
TrOC rejection.
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8.6 APPENDIX

Figure S8.1: Schematic diagram of the laboratory scale FO system.

Figure S8.2: A photo of the laboratory scale FO system.
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Nature uses as little as possible of anything
Johannes Kepler
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9.1 INTRODUCTION
In modern urban water management, sewage can be a resource for recovering clean
water [1], energy [2], and nutrients [3]. In fact, extracting clean water from sewage has been
practiced in numerous centralized water reclamation plants to augment water supply and
attenuate drought [4]. However, these centralized engineered systems can be capital and
energy intensive [5-6]. In these systems, the collection and conveyance of wastewater to the
point of treatment and the distribution of recycled water to the end users are particularly
energy intensive and result in an average emission of 0.9 kilogram of CO 2 equivalent per
cubic meter of reclaimed water [7]. Energy consumption and capital investment can be
significantly higher in cities with aging distribution systems [8]. As a result, decentralized
technologies have emerged as an attractive alternative for water recycling.
Sewer mining is a decentralized water recycling technique where wastewater is
extracted from the existing sewer system, directly treated, and then recycled for on-site use,
usually for non-potable purposes. Several sewer mining initiatives, mostly in Australia, have
been demonstrated in recent years [9-10]. The reclaimed water from sewer mining is used for
irrigating golf courses and public parks, laundry water make-up, and toilet flushing in
commercial buildings.
A major technical challenge for further implementation of sewer mining is the
development of a treatment process that can produce high treated water quality from raw
sewage and is sufficiently simple and robust for decentralized applications. Several recent
studies have suggested that forward osmosis (FO) can be an excellent platform to advance
sewer mining [11-13]. FO has demonstrated its robustness and effectiveness for treating low
quality feed water, such as digested sludge [14-15], sewage [16-18], and produced water from
oil and gas exploration [19]. As a result, the use of FO followed by either reverse osmosis
(RO) [20] or eletrodialysis (ED) [21] for sewer mining has recently been explored. These
209

systems take advantage of the inherent low-fouling propensity of FO to provide pre-treatment
for the subsequent RO or ED, which is used for draw solute and clean water recoveries.
Hancock et al. [22] conducted pilot study and demonstrated that FO membrane fouling in a
pilot-scale FO-RO hybrid system was largely reversible after 1300-hours operation. Another
advantage of these hybrid systems is the double barrier against feed contaminant permeation,
thereby ensuring high quality product water. Hancock et al. [20] reported that overall
rejections of 23 trace organic contaminants (TrOCs) were above 99% for a closed-loop FORO hybrid system. A recent study by Zhang et al. [21] indicated that product water from an
FO-ED hybrid system for wastewater treatment meets drinking water standards.
Membrane distillation (MD), which is a thermally driven membrane separation
process, has also emerged as a potential process to be integrated with FO. In MD, the
temperature of feed solution (i.e. the diluted draw solution of the FO process) is increased to
induce the transport of water vapour across a hydrophobic, microporous membrane, which
then condenses to the liquid form. MD offers complete rejection of non-volatile substances in
feed solution [23]. In addition, MD efficiency is independent of feed water salinity, allowing
for desalination of high salinity water with low-grade heat [24].
The feasibility of a FO-MD hybrid system has been examined by concentrating
solutions containing valuable industrial chemicals or pharmaceuticals. Wang et al. [25]
employed a bench-scale FO-MD hybrid system to treat highly viscous protein solution. In this
FO-MD hybrid system, FO was employed for dewatering protein solutions while MD was
used for draw solution recovery. Another bench-scale FO-MD hybrid system was used to
concentrate a dye solution, where the hybrid system efficiency was maximized by a balanced
water flux of the FO and MD processes [26].
Despite recent efforts to understand the FO-MD hybrid system, investigations to
evaluate the system for direct sewer mining are rather scarce. In this chapter, we aimed to
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evaluate the performance of the FO-MD hybrid system in terms of water production and
TrOC rejection for direct sewer mining. Limitations of the FO-MD hybrid system were
identified by examining TrOC transport behavior in FO and MD processes. Furthermore,
corresponding approaches were also proposed and examined to mitigate the limitations of the
FO-MD hybrid system.
9.2 MATERIALS AND METHODS
9.2.1 FO and MD Membranes
A flat-sheet, cellulose-based membrane from Hydration Technology Innovations
(Albany, OR) was used for the FO process. The FO membrane is composed of a cellulose
triacetate layer with an embedded woven support mesh [27]. A hydrophobic, microporous
membrane from Porous Membrane Technology (Ningbo, China) was used for the MD process.
The MD membrane consists of a thin polytetrafluoroethylene (PTFE) active layer on top of a
polypropylene (PP) support layer. Key properties of the FO and MD membranes are
summarized in Table S9.1 of the Appendix (page 248).
9.2.2 Representative Wastewater Feed and Trace Organic Contaminants
Raw sewage was collected from a sewage treatment plant (Wollongong, New South
Wales, Australia) after mechanical screening and was used without further processing in our
lab-scale experiments. The raw sewage had a pH value of 7.1, conductivity of 1075 μS/cm,
and total organic carbon of 72 mg/L. The raw sewage sample was kept at 4 ºC and used
within one week. Key water quality parameters were monitored before each experiment, and
their variations were less than 5%.
A stock solution containing 1 g/L of each of 12 representative TrOCs (Table S9.2,
Appendix, page 249) was prepared in pure methanol. The stock solution was kept at -18 °C in
the dark and used within one month. The TrOCs were selected to cover a diverse range of
properties, including charge, volatility, hydrophobicity, and molecular weight (Table S9.2,
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Appendix, page 249). They are frequently detected in raw sewage in the range from hundreds
of nanograms per liter (ng/L) to several micrograms per liter (µg/L).
9.2.3 Forward Osmosis – Membrane Distillation (FO-MD) System
The FO-MD hybrid system used in this study consisted of an FO membrane cell, a
direct contact MD membrane cell, circulation pumps, and temperature control equipment
(Figures 9.1 and S9.3 of the Appendix, page 249). The FO and MD membrane cells were
practically identical. They were made of acrylic plastic to minimize heat loss to the
surroundings and designed to hold a flat-sheet membrane under moderate pressure differential
without any physical support. The flow channels were engraved in the acrylic blocks that
make up the feed and permeate semi-cells. Each channel is 3 mm deep, 95 mm wide, and 145
mm long.
In the FO-MD hybrid system, the draw solution reservoir of the FO process was also
the feed reservoir for the MD process. Variable speed gear pumps (Micropump, Vancouver,
WA) were used to circulate the feed, draw, and distillate solutions at a cross-flow velocity of
9 cm/s. The feed solution temperature was maintained at 20 °C using a water bath (Neslab
RTE 7, Thermo Scientific, Waltham, MA). A temperature sensor was inserted before the inlet
of the feed solution to the direct contact MD membrane cell. The temperature sensor and a
heating element were connected to a temperature control unit that maintained the draw
solution temperature at 40 °C. The MD distillate temperature was maintained at 20 °C using
another water bath (Neslab RTE 7, Thermo Scientific, Waltham, MA) and was monitored
continuously using a digital thermometer. Weight changes of the draw and distillate reservoirs
were recorded by digital balances (Mettler Toledo, Hightstown, NJ) connected to a computer.
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Figure 9.1: Schematic diagram of the forward osmosis (FO) – membrane distillation (MD)
hybrid system with the mitigation loop for the reduction of the concentration of feed
contaminants in the draw solution.

The FO-MD hybrid system could be integrated with either granular activated carbon
(GAC) or ultraviolet (UV) treatment (Figure S9.3, Appendix, page 249) to mitigate the
accumulation organic contaminants in the draw solution (Section 9.3.4). In each experiment,
0.25 g of GAC (GAC-1200, Activated Carbon Technologies, Victoria, Australia) was packed
in a small tube connected to the outlet flow from the draw solution to the MD membrane cell.
In this configuration, the draw solution was continuously circulated through the GAC column,
and no breakthrough of TrOCs was observed for the entire duration of the experiment. A UV
oxidation reactor (Ace Glass, Vineland, NJ) consisting of a reactor and a low-pressure
mercury lamp was used. The reactor had an effective volume of 0.4 L and a cooling water
jacket. The low-pressure mercury lamp had a length, total UV energy output, and UV
intensity of 27 cm, 83 W, and 1.04 W cm-2, respectively. The UV oxidation reactor was
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operated intermittently for 25 min at a flow-rate of 80 mL min-1 to treat draw solution after
every 2 L of permeate had been produced from the FO-MD hybrid system.
9.2.4 Experimental Protocol for FO-MD System Operation
Three bench-scale experiments were performed using the FO-MD hybrid system and
MD system alone. Two types of feed solutions were prepared by adding the TrOC stock
solution into either a background electrolyte solution containing 1 mM NaHCO 3 and 20 mM
NaCl in Milli-Q water (denoted as “clean feed”) or raw sewage (denoted as “sewage feed”) to
obtain an initial concentration of 5 µg/L for each TrOC.
Both clean and sewage feeds were processed continuously by the FO-MD hybrid
system to achieve 80% water recovery. Initial volumes for feed, draw, and distillate solutions
were 10, 2, and 1 L, respectively. For the FO process, 1.5 M NaCl draw solution at 40 °C
generated a water flux of 8 L/m2h. In the MD process, the same water flux was obtained at
draw and distillate temperatures of 40 and 20 °C, respectively. Water flux of the FO-MD
hybrid system was recorded continuously, while that of the FO process was recorded
intermittently when the FO process was disconnected from the MD process to facilitate draw
solution sampling. Feed, draw, and distillate tanks were sealed by a laboratory-grade paraffin
film (Novix-II, Iwaki Glass, Japan) to prevent evaporation loss during the experiment. The
tank volumes at the conclusion of each experiment varied by less than 7%. Feed, draw, and
distillate samples were taken at various water recoveries, and their sample volumes were 0.25,
0.5 and 1 L, respectively, depending on TrOC concentration in each sample.
Sewage feed was also treated by the MD system alone, reaching 80% water recovery.
Initial volumes for the feed and distillate were 5 and 1 L, respectively. The MD system alone
was operated at the same water flux as the FO-MD hybrid system, where feed and distillate
temperatures were 40 and 20 °C, respectively. Feed and distillate samples were taken at
various water recoveries, and their sample volumes were 0.25 and 1 L, respectively
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9.2.5 Analytical methods
TrOC concentrations in the feed, draw, and distillate solution samples were
determined using an analytical method described elsewhere [28]. This method involved solid
phase extraction followed by liquid chromatography – mass spectrometry (LC-MS) analysis
using a Shimadzu LC-MS system (LCMS 2020, Shimadzu, Kyoto, Japan) with an
electrospray ionization interface.
Total organic carbon (TOC) and total nitrogen (TN) of the feed, draw, and distillate
samples were determined using a TOC/TN analyser (TOC-V CSH , Shimadzu, Kyoto, Japan).
UV 254 absorbance was measured using a UV-Vis spectrophotometer (UV-1700, Shimadzu,
Kyoto, Japan) at a wavelength of 254 nm. Solution pH and electric conductivity were
measured using an Orion 4-Star Plus pH/conductivity meter (Thermo Scientific, Waltham,
MA).
Contact angle measurements of the virgin and fouled MD membranes were conducted
using a Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ) employing the
standard sessile drop method. Prior to measurement, the virgin and fouled membrane samples
were dried for over 24 hours in a desiccator. The contact angle of each membrane was
determined from an average of ten water droplets (Milli-Q water).
9.3 RESULTS AND DISCUSSION
9.3.1 Water Production by the FO – MD System
Results from this study show that FO is an effective pre-treatment barrier for the
subsequent MD process. The FO pre-treatment step ensured a stable water flux by the MD
process in the FO-MD hybrid system when raw sewage was directly used as the feed (Figure
9.2A). By contrast, when raw sewage was fed directly to the MD process without the FO pretreatment step, significant water flux decline was observed. This decrease in the MD water
flux is attributed to membrane fouling caused by the deposition of organic and particulate
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matter on the membrane surface (Figure S9.4, Appendix, page 250). Membrane fouling not
only restricted the active surface area available for the transport of water vapour in the MD
process, but also significantly reduced the membrane surface hydrophobicity as indicated by
the decrease of the contact angle from 135 ± 15 ° for the virgin membrane to 58 ± 11 ° for the
fouled membrane. Maintaining the hydrophobicity of the MD membrane to prevent pore
wetting and water entrance into the pore is critical for effective separation by the MD process
[29].
FO is very resistant to membrane fouling, particularly at a low water flux [28, 30]. In
fact, identical water fluxes were obtained with both raw sewage and a clean feed solution with
a similar electrical conductivity (Figure 9.2B). It is noteworthy that there is a small water flux
decline in both cases. However, this decrease was caused by salinity build-up in the feed due
to reverse draw solution permeation rather than membrane fouling. The build-up in salinity
led to an increase in the feed osmotic pressure and hence a decrease in the overall driving
force in the FO process. Similar observations have been reported by Hancock et al. [20] who
examined the water flux using wastewater effluent as feed in a pilot-scale FO process.
9.3.2 Removal of Salt, Organic Matter, and Trace Organic Contaminants by the FO –
MD System
Both the FO-MD hybrid system and the MD system alone effectively rejected
inorganic salts (indicated by electrical conductivity measurement) and organic matter
(indicated by TOC, TN, and UV 254 measurement) (Figure 9.3). The observed overall high
rejection can be largely attributed to the MD process where only water vapour is transported
through the membrane pores [31].
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Figure 9.2: Water production by the FO-MD hybrid system: (A) comparison of water flux of
MD alone and FO-MD hybrid systems when directly treating raw sewage, and (B) FO water
flux in the FO-MD hybrid system using clean or sewage feed. For the MD alone system,
initial TrOC concentrations in sewage feed were 5 µg/L; temperatures of feed and distillate
were 20 and 40 °C, respectively; and cross-flow rates were 1 L/min (corresponding to crossflow velocity of 9 cm/s) for both feed and distillate. For the FO-MD hybrid system, initial
TrOC concentrations in background electrolyte (1 mM NaHCO 3 and 10 mM NaCl) or sewage
feed were 5 µg/L; draw solution was 1.5 M NaCl; temperatures of feed, draw, and distillate
were 20, 40, and 20 °C, respectively; and cross-flow rates were 1 L/min (corresponding to
cross-flow velocity of 9 cm/s) for the feed, draw, and distillate. For the FO-MD system, a
cumulative permeate volume of 8,250 mL was attained after about 78 hours.
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Experimental conditions are described in Figure 9.1.
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Figure 9.4: Rejection of trace organic contaminants by (A) MD alone system and (B) FOMD system where white and grey bars represent TrOC rejection by FO and MD, respectively.
Experimental conditions are given in Figure 9.1. Also shown (open circles) are the values of
the Henry’s law constants (presented as pK H = − log K H on the right axis) for the various
TrOCs. Error bars represent standard deviation from duplicate measurements. Symbols of +,
-, and n denote negatively charged, positively charged, and neutral trace organic contaminants,
respectively.
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TrOC rejection in the MD process was strongly correlated with compound volatility
(Figure 9.4A). Specifically, non-volatile TrOCs with Henry’s law constants (pK H ) above 8
could be completely rejected. However, semi-volatile TrOCs with pK H values less than 7 (i.e.,
pentachlorophenol, triclosan, linuron, and atrazine) exhibited varying rejection rates, ranging
from 70 to less than 90%. This strong correlation of compound rejection with volatility is a
direct consequence that vapour pressure difference is the driving force for mass transfer in
MD.
TrOC rejection was significantly affected by “solute – membrane” interaction in FO
(Figure 9.4B) [20, 32]. At the experimental pH value of 7.1, the FO membrane is negatively
charged (Table S9.1, Appendix, page 248) and electrostatic interaction is an important
rejection mechanism of charged solutes [33-34]. More importantly, these charged TrOC
solutes are hydrated, which significantly increases their apparent molecular sizes [35]. Thus,
both electrostatic interaction and size exclusion resulted in more than 90% rejection of
charged TrOCs. Size exclusion also governs the rejection of neutral TrOCs, which led to
lower rejection of TrOCs with low molecular weights (i.e., caffeine and primidone). In
addition, low rejections of two hydrophobic TrOCs, linuron and pentachlorophenol, were due
to an adsorption – diffusion mechanism, where the adsorption of hydrophobic TrOC solutes to
the membrane subsequently facilitates their diffusion through the membrane polymeric matrix
[36-37].
Although TrOC rejection varied in the FO process, the synergetic effect of the FO-MD
hybrid system substantially enhanced the overall TrOC rejection (Figure 9.4B). The MD
process complemented well the FO process, particularly for the removal of hydrophobic or
semi-volatile TrOCs (i.e. pentachlorophenol, triclosan, linuron, and atrazine) that were only
moderately removed by either process individually. As a result, TrOC concentrations in the
product water of the FO-MD hybrid system were much lower than those for the MD system
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alone (Figure 9.5). In particular, concentrations of pentachlorophenol and atrazine were one
order of magnitude lower than their concentration limits in drinking water regulations [38].
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Figure 9.5: Concentrations of trace organic contaminants in (A) feed and product water of
the MD alone system and (B) feed, draw, and product water of the FO-MD system.
Experimental conditions are detailed in Figure 9.1. Also shown (open circles) are the values
of the Henry’s law constants (presented as pK H = − log K H on the right axis) for the various
TrOCs. Error bars represent the standard deviation from duplicate measurements. Symbols of
+, -, and n denote negatively charged, positively charged, and neutral trace organic
contaminants, respectively.
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9.3.3 Contaminant Accumulation in the FO – MD System
Despite the high performance and potential promise of the FO-MD hybrid system, this
closed-loop system is not without its limitations. Contaminants that permeate through the FO
but not the MD process can accumulate in the draw solution. We have observed a notable
build-up of organic matter in the draw solution, which increased as the cumulative permeate
volume increased (Figure 9.6A). In addition, concentrations of five TrOCs in the draw
solution, with less than 90% rejection by the FO process (Figure 9.4B), also increased
substantially as water recovery increased (Figure 9.6B).
This detrimental accumulation phenomenon was mainly driven by the near complete
rejection of non-volatile solutes by the MD membrane in the FO-MD hybrid system. TrOC
rejection by the MD membrane was significantly higher than that for the FO membrane,
thereby leading to an undesirable TrOC accumulation in the draw solution. We note that
similar contaminant accumulation could happen in an FO-RO hybrid system, where the RO
membrane has higher rejection than the FO membrane [39]. D'Haese et al. [40] modelled the
TrOC accumulation in an FO-RO hybrid system and predicted that an elevated TrOC
concentration in the draw solution deteriorated the product water quality. As a result,
mitigation strategies should be implemented to minimize TrOC accumulation, thereby
enhancing system sustainability and securing product water quality in the FO-MD hybrid
system.
9.3.4 Mitigating Contaminant Accumulation in the FO – MD System
Either GAC adsorption or UV oxidation effectively mitigated the accumulation of
organic matter and TrOCs in the FO-MD hybrid system (Figures 9.7 and 9.8). Both
approaches reduced the concentrations of organic matter by one order of magnitude and
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suppressed their accumulation in the draw solution (Figure 9.7). Notably, either approach
reduced TrOC concentrations by two orders of magnitude (Figure 9.8).
GAC adsorption was favoured by the high ionic strength of the draw solution (i.e., 1.5
M NaCl), thereby inducing a “salting-out” effect [41] and reducing TrOC solubility in the
aqueous phase. On the other hand, UV oxidation was correlated to the molecular structure of
the

contaminants.

TrOCs

possessing

halogenated

functional

groups

(atrazine,

pentachlorophenol, and linuron) or aromatic benzene ring (primidone) are amenable to UV
photodegradation by substitution of halogens and subsequent dealkylation [42]. As a result,
the FO-MD hybrid system coupled to either GAC adsorption or UV oxidation achieved near
complete TrOC rejection (>99.5%) with negligible TrOC concentrations in the product water
(Figure S9.5, Appendix, page 251).
Despite the effectiveness of GAC adsorption and UV oxidation in mitigating
accumulation of solutes in the draw solution, long-term operation concerns should be
considered. Periodic replacement or regeneration of GAC should be conducted before TrOC
breakthrough occurs as a result of reaching maximum GAC adsorption [43]. For the UV
oxidation, there remain uncertainties regarding the impact of oxidation by-products or
oxidation residuals on the membrane polymer and product water quality.
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Figure 9.6: Accumulation of contaminants in the draw solution of the hybrid FO-MD system:
(A) total organic carbon (TOC), total nitrogen (TN), and UV 254 absorbance as a function of
cumulative permeate volume, and (B) trace organic contaminants (with less than 90%
rejection by the FO unit (Figure 9.3)) in the draw solution at different water recoveries.
Experimental conditions are given in Figure 9.1. Error bars represent standard deviation from
duplicate measurements.
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Figure 9.8: Comparison of TrOC concentrations in draw solution at different water
recoveries by: (A) FO-MD, (B) FO-MD-GAC adsorption, and (C) FO-MD-UV oxidation.
Experimental conditions are described in Figure 9.6.
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9.3.5 Implications for Sewer Mining
Stable water production and high product water quality imply robust capacity of the
FO-MD hybrid system in sewer mining. These results highlight the benefits of the FO-MD
hybrid system. Low operating hydraulic pressure of the FO-MD hybrid system substantially
lowers the technical barrier for small-scale implementation, thereby favouring decentralized
sewer mining. In addition, the energy consumption of the FO-MD hybrid system could be
further compensated by utilizing industrial waste heat and natural solar or geothermal
energies. Thus, the FO-MD hybrid system becomes attractive in arid areas where solar energy
and other forms of low-grade heat are abundant and readily available.
9.4 CONCLUSIONS
We demonstrate the robustness and treatment capacity of a forward osmosis (FO) –
membrane distillation (MD) hybrid system for small-scale decentralized sewer mining. A
stable water flux was realized using a laboratory-scale FO-MD hybrid system operating
continuously with raw sewage as the feed at water recovery up to 80%. The hybrid system
also showed an excellent capacity for the removal of trace organic contaminants (TrOCs),
with removal rates ranging from 91 to 98%. The results suggest that TrOC transport through
the FO membrane is governed by ‘solute – membrane’ interaction, while that through the MD
membrane is strongly correlated to TrOC volatility. Concentrations of organic matter and
TrOCs in the draw solution increased substantially as the water recovery increased. This
accumulation of some contaminants in the draw solution is attributed to the difference in their
rejection by the FO and MD systems. We demonstrate that granular activated carbon
adsorption or ultraviolet oxidation could be used to prevent contaminant accumulation in the
draw solution, resulting in near complete rejection (>99.5%) of TrOCs.
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9.6 APPENDIX
Table S9.1: Key properties of FO and MD membranes used in this chapter
Parameter
FO membrane
MD membrane
Active layer
Cellulose triacetate
Polytetrafluoroethylene
Air permeability
N.A.
6–8a
(L/m2s)
Pure water permeability
0.65 ± 0.027 b
N.A.
2
(L/m hbar)
Salt (NaCl) permeability
0.25 ± 0.07 b
N.A.
(L/m2h)
Membrane structure parameter
0.67 ± 0.13 b
N.A.
(µm)
Pore size
0.42 c
30 d
(nm)
Contact angle
60 ± 3 e
135 ± 15 f
(º)
Zeta potential at pH 7
- 4.6 g
N.A.
(mV)
a

provided by the manufacturer; membrane sample was measured at 127 Pa with diameter of 70 mm
determined using standard protocol proposed by Cath et al.1; data reported by Xie et al. 2
c
reference 3
d
provided by the manufacturer
e
reference 4
f
determined by standard sessile drop method
g
reference 4
b

1
T.Y. Cath, M. Elimelech, J.R. McCutcheon, R.L. McGinnis, A. Achilli, D. Anastasio, A.R. Brady, A.E. Childress, I.V. Farr, N.T. Hancock,
J. Lampi, L.D. Nghiem, M. Xie, N.Y. Yip, Standard methodology for evaluating membrane performance in osmotically driven membrane
processes, Desalination, 312 (2013) 31-38.
2
M. Xie, W.E. Price, L.D. Nghiem, M. Elimelech, Effects of feed and draw solution temperature and transmembrane temperature difference
on the rejection of trace organic contaminants by forward osmosis, Journal of Membrane Science, 438 (2013) 57-64.
3
M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Comparison of the removal of hydrophobic trace organic contaminants by forward
osmosis and reverse osmosis, Water Research, 46 (2012) 2683-2692.
4
M. Xie, W.E. Price, L.D. Nghiem, Rejection of pharmaceutically active compounds by forward osmosis: Role of solution pH and
membrane orientation, Separation and Purification Technology, 93 (2012) 107-114.
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Table S9.2: Key physicochemical properties of representative trace organic contaminants
Compound
Sulfamethoxazole
Diclofenac
Bezafibrate
Amitriptyline
Trimethoprim
Caffeine
Atrazine
Primidone
Carbamazepine
Linuron
Pentachlorophenol
Triclosan
a
b

Charge
(at pH 7)

Negative
Positive

Neutral

Molecular
weight
(g/mol)

Log D a
(at pH 7)

pK a a

253
296
362
277
290
194
216
218
236
249
266
290

-0.96
1.77
-0.93
2.28
0.27
-0.63
2.64
0.83
1.89
3.12
2.95
5.28

5.18
4.18
3.29
9.18
7.04
0.52
2.27
12.26
13.94
12.13
4.68
7.8

Concentration
in raw
sewage b
(ng/L)
311.4
171.1
203.1
182.1
231.6
967.9
391.1
870.5
868.6
461.5
660.3
128.9

Values for pK a and log D were obtained from the SciFinder Scholar (ACS) database
Average data from duplicate measurements

Figure S9.3: Panoramic view of the FO-MD hybrid system with mitigation loop (GAC
adsorption or UV oxidation)
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Figure S9.4: MD membrane autopsy at the conclusion of the experiment. Experimental
conditions were as described in Figure 9.2 in the paper: (A) photo of the fouled MD
membrane; (B) SEM micrograph; and (C) EDS analysis for foulant element composition.
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Figure S9.5: Comparison of TrOC concentrations in feed, draw, and distillate solutions for:
(A) FO-MD, (B) FO-MD-GAC adsorption, and (C) FO-MD-UV oxidation. Experimental
conditions were described in Figure 9.6 of the paper.
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CHAPTER 10: Toward Resource Recovery from
Wastewater: Extraction of Phosphorus from
Digested Sludge Using a Hybrid Forward
Osmosis–Membrane Distillation Process

This chapter was published as: M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Toward Resource Recovery from
Wastewater: Extraction of Phosphorus from Digested Sludge Using a Hybrid Forward Osmosis–Membrane
Distillation Process, Environmental Science & Technology Letters, 1 (2014) 191-195.
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I have learned to use the word 'impossible' with the greatest caution.
Wernher von Braun

236

10.1 INTRODUCTION
Phosphorus is an essential nutrient for plants. The flow of phosphorus from minable
phosphate rocks to farm land and ultimately the natural waterway has accelerated in the last
few decades due to the industrialization of agricultural production [1]. Thus, the global
phosphorus reserve is being depleted at a rate that could seriously threaten food security [2].
Phosphorus is also a major contaminant and its release to the aquatic environment is
responsible for algal bloom and other severe ecological impacts [3]. A promising approach to
ensure a renewable supply of phosphorus and protect the environment is to extract phosphate
ions from livestock and human wastes in the form of struvite (MgNH 4 PO 4 ·6H 2 O) mineral [4],
which is an excellent slow release fertilizer [5].
Previous studies have demonstrated the extraction of phosphorus as struvite from
wastewater [6-7], anaerobically digested sludge [8-12], and urine [13-14]. Several innovative
techniques to recover struvite from wastewater have also been proposed. Cusick and Logan
[15] reported the recovery of struvite and simultaneously produced valuable hydrogen gas
using a microbial electrolysis cell. Zhang et al. [16] employed an electrodialysis process to
fractionate phosphate for subsequent struvite precipitation. The formation of struvite requires
the addition of magnesium, which is a high value commodity. However, the demand for
magnesium can be reduced if phosphate and ammonium can be enriched from source solution.
Forward osmosis (FO) has the potential to concentrate phosphate, ammonium, and
magnesium in the source solution to facilitate struvite recovery. High rejections of phosphate
and ammonium from activated sludge [17] and wastewater [18] by FO membranes have been
reported. At the same time, the use of magnesium-based salts (e.g., MgCl 2 ) as the draw solute
can enhance struvite formation due to the inherent bidirectional diffusion of ions in the FO
process [19]. Reverse diffusion of magnesium into the feed solution will elevate the
magnesium ion concentration of the feed side, while the coupled diffusion of protons from the
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feed to the draw solution will increase in the feed solution pH, [20] with both conditions
favouring struvite precipitation. FO can not only be a standalone process in osmotic dilution
to extract clean water [21-22], but also be integrated with other processes to recover clean
water and to concentrate and recycle the draw solute [23]. In a recent study, Xie et al. [24]
coupled FO with membrane distillation (MD) for direct sewer mining, demonstrating stable
water flux and high quality product water by this hybrid FO-MD system.
In this chapter, we demonstrate for the first time the extraction of phosphorus from
anaerobically digested sludge by an FO-MD hybrid system with MgCl 2 draw solution.
System efficiency was examined in terms of nutrient concentration and product water
recovery. The bidirectional diffusion of magnesium and protons, which facilitates struvite
precipitation, was also quantified.
10.2 MATERIALS AND METHODS
10.2.1 FO – MD System
A lab-scale FO-MD system was employed to extract water and phosphorus from
digested sludge. The FO-MD system comprised two identical membrane cells (for the FO and
direct contact MD process, respectively), four circulation pumps, and a temperature control
unit (Figure S10.1 of the Appendix, page 270).
10.2.2 Digested Sludge and Membranes
Anaerobically digested sludge was collected from an anaerobic digester of a sewage
treatment plant with biological nutrient removal in Wollongong (New South Wales,
Australia). The centrate was obtained by screening the sludge through a 0.5 mm sieve then
centrifuging at 3,750 rpm for 20 min (Allegra X-12R, Beckman Coulter, Fullerton, CA). Key
physicochemical properties of the digested sludge centrate are summarized in Table 10.1.
A flat-sheet, cellulose triacetate membrane from Hydration Technology Innovations
(Albany, OR) was used for the FO process. A microporous, hydrophobic membrane from
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Porous Membrane Technology (Ningbo, China) was used for the MD process. Key properties
of the FO and MD membranes are summarized in Table S10.1 of the Appendix (page 269).
Table 10.1: Key physicochemical properties of digested sludge centrate (average ± standard
deviation from duplicate measurements)

Parameter

Value

Solids Content (mg/L)
Turbidity (NTU)
Electrical Conductivity (mS/cm)
pH (-)
Total Organic Carbon (mg/L)
Total Nitrogen (mg/L)
Ammonium (mg/L)
Phosphate (mg/L)
Magnesium (mg/L)

1,800 ± 100
524 ± 9
6.72 ± 0.12
7.72 ± 0.02
647 ± 20
783 ± 11
538 ± 25
223 ± 12
10.5 ± 2.1

10.2.3 Experimental Protocol for Water and Phosphorus Recovery
Digested sludge centrate was processed continuously by the FO-MD hybrid system
until 1 L of permeate had been produced. Initial volumes for digested sludge centrate, draw,
and distillate solutions were 1.5, 2, and 1 L, respectively. For the FO process, 1.5 M MgCl 2
draw solution at 40 °C generated a water flux of 9 L/m2h. In the MD process, the same water
flux was obtained at draw and distillate temperatures of 40 and 20 °C, respectively. Water
fluxes for the FO and MD processes were recorded continuously. Digested sludge centrate,
draw, and distillate samples were taken at specific time intervals for further analysis. All
experiments with the FO-MD hybrid system were conducted in duplicate.
To mitigate FO membrane fouling and balance the water fluxes of the FO and MD
processes, the FO system was flushed using deionized water for 15 min at a cross-flow
velocity of 18 cm/s (twice the value used in the FO-MD process) when the FO water flux
decreased to 50% of its initial value. After 500 mL of distillate has been obtained, the
distillate temperature was also increased from 20 to 30 ºC to reduce the MD water flux to
match that of the FO process.
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Digested sludge centrate was also treated directly by the MD process alone, where
feed and distillate temperatures were 40 and 20 °C, respectively. Initial volumes for feed and
distillate solutions were 1.5 and 1 L, respectively. Membrane flushing was also conducted in
the MD only process. The fouled MD membrane was flushed by deionized water using the
aforementioned protocol for the FO process (i.e., cross-flow velocity of 18 cm/s at 40 °C for
15 min).
Phosphorus recovery from digested sludge centrate as struvite was performed at the
conclusion of each FO-MD experiment. The concentrated digested sludge centrate was first
filtered by a 0.45 µm filter paper (GC50, Advantec, Japan), and then was adjusted to obtain a
molar ratio of magnesium (Mg2+) and orthophosphate (PO 4 3-) of 2:1 by adding appropriate
volumes of 1 M MgCl 2 stock solution to the concentrated centrate. Next, the pH of the
concentrated centrate was increased to 9.5 by adding a small volume of 1 M NaOH to form
struvite crystals. The solution was mixed by a magnetic stirrer and the pH was continuously
monitored until no further crystal formation was observed. The obtained crystals were washed
with deionized water twice and dried in a desiccator at room temperature (approximately 22
ºC).
10.2.4 Analytical methods
Key water quality parameters for digested sludge centrate, draw, and distillate samples
were measured according to standard methods. Specifically, ammonium (NH 4 +) and
orthophosphate (PO 4 3-) were determined using a Flow Injection Analysis system (QuickChem
8500, Lachat, Loveland, CO). Total organic carbon (TOC) and total nitrogen (TN) were
measured by a TOC/TN analyzer (TOC-V CSH , Shimadzu, Kyoto, Japan). Magnesium (Mg2+)
concentration was determined by atomic absorption spectrometry (SpectrAA-220, Varian,
Australia). Solution pH and electrical conductivity were measured by an Orion 4-Star Plus
pH/conductivity meter (Thermo Scientific, Waltham, MA).
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The crystals obtained were characterized using scanning electron microscopy (SEM)
coupled with energy dispersive spectroscopy (EDS) (JEOL JCM-6000, Tokyo, Japan) and Xray diffraction (GBC MMA, Hampshire, IL). An X-ray diffraction (XRD) spectrum of
struvite crystal standard with purity of 99.998% (Alfa Aesar, Lancashire, U.K.) was also
obtained and used as reference to verify the struvite crystals obtained from our study.
10.3 RESULTS AND DISCUSSION
10.3.1 FO-MD Produces High Quality Water from Digested Sludge Centrate
FO pre-treatment ensures a stable water production by the MD process (Figure 10.1).
Particularly, organic fouling of the hydrophobic MD membrane was effectively suppressed
[25]. By contrast, when the digested sludge centrate was directly applied to the MD process,
the water flux decreased from 10 to 2 L/m2h due to severe membrane fouling. Fouling of the
MD membrane with the digested sludge centrate was irreversible as membrane flushing with
deionized water was not able to recover the water flux (Figure S10.2, Appendix, page 271).
Given the very high total solids content (1,800 mg/L) and TOC (647 mg/L) of the digested
sludge centrate (Table 10.1), significant water flux decline was also observed for the FO
process. However, in the case of FO, membrane fouling was largely reversible following a
simple, brief flushing with deionized water, which resulted in 82 and 68% water flux recovery
for the first and second membrane flushing cycles, respectively (Figure 10.1A). The results
confirm the low propensity of membrane fouling in FO, which is mostly reversible,
particularly at relatively low initial water flux [26-27]. Water flux decline in FO could be
attributed to both feed salinity build-up and membrane fouling. Reverse diffusion of MgCl 2
draw solute elevated feed salinity, thereby reducing the overall driving force (i.e., effective
osmotic pressure difference) in FO. In addition, FO membrane autopsy suggested the
formation of a dark fouling layer, whose major element compositions were phosphorus,
sulphur, oxygen, and magnesium (Figure S10.3, Appendix, page 271).
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Figure 10.1: Water production by the FO – MD system: (A) FO and (B) MD process.
Experimental conditions: digested sludge centrate feed (Table 10.1); draw solution of 1.5 M
MgCl 2 ; temperatures of feed, draw, and distillate of 20, 40, and 20 °C, respectively; and
cross-flow rates of 1 L/min (corresponding to cross-flow velocity of 9 cm/s) for the feed,
draw, and distillate. FO membrane flushing was conducted when water flux decreased to 50%
of its initial value. Deionized water was used to flush the fouled FO membrane for 15 min at a
cross-flow velocity of 18 cm/s. Distillate temperate was increased from 20 to 30 °C, after 500
mL permeate had produced, to reduce MD water flux in order to maintain similar water fluxes
for the FO and MD processes.
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The FO-MD hybrid system effectively rejected inorganic salts (indicated by electrical
conductivity, ammonium, and orthophosphate) and organic matter (indicated by TOC and TN
measurements), thereby leading to high quality product water (Table S10.2, Appendix, page
270). This high product water quality was mainly attributed to the near complete rejection by
the MD process where only water vapour is transported through the membrane pores [28].
However, such high MD rejection also resulted in the accumulation of contaminants (e.g.,
ammonium and orthophosphate) in the draw solution during the operation of the FO-MD
system (Figure S10.4, Appendix, page 272) [24]. Mitigation strategies to reduce the
accumulation of contaminants in the draw solution have been proposed in our recent work [24,
29].
10.3.2 FO Concentrates Ammonium and Phosphate
FO exhibited high rejection of ammonium (>90%) and orthophosphate (>97%)
(Figure S10.5, Appendix, page 272), thereby effectively concentrating these nutrients in the
digested sludge centrate (Figure 10.2A). This is consistent with previous FO studies [17, 30].
The enrichment of ammonium and orthophosphate, which are two key constituents for
struvite, substantially elevated the precipitation potential and product yield of struvite.
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Figure 10.2: (A) concentration of feed NH 4 + and PO 4 3- by the FO-MD process; (B)
concentration of feed Mg2+ and increase in pH as a function of cumulative permeate volume.
Experimental conditions are described in Figure 10.1

10.3.3 Bidirectional Diffusion of Magnesium and Protons Facilitates Phosphorus
Extraction as Struvite
An appropriate magnesium concentration and an alkaline solution are two key factors
for the extraction of phosphorus as struvite from the nutrient-concentrated digested sludge
centrate [31]. Here, the bidirectional ion diffusion, which is a unique mass transfer
phenomenon in FO [19, 32-34], can be utilized to facilitate phosphorus extraction.
Specifically, forward proton diffusion elevated feed solution pH and, at the same time, reverse
magnesium diffusion enhanced the feed magnesium concentration (Figure 10.2B). The
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increase in feed pH was mainly driven by maintaining solution electroneutrality [35]. Similar
pH variation was observed by Hancock et al. [20] who examined the bidirectional ion
diffusion in an FO process. More importantly, reverse magnesium permeation (reverse
magnesium flux of 12 mmol/m2h) substantially increased the feed magnesium concentration,
thereby supplementing magnesium for struvite formation.
The ionic product of ammonium, orthophosphate, and magnesium at the conclusion of
the FO-MD experiment was 10-5.77 M3, which was above the struvite conditional solubility
product of 10-7.54 M3 (Figure 10.2) [36]. The molar ratio of magnesium to orthophosphate was
further increased from 1:1.43 to 2:1 by addition of a small amount of magnesium (0.06 g
Mg2+ per gram struvite produced), thereby promoting struvite precipitation. Indeed, struvite
formation was indicated by the continuous decrease in solution pH (Figure S10.6, Appendix,
page 273). The solution pH variation also revealed that the struvite induction time was less
than two minutes.
The precipitate was analyzed to identify the crystal morphology, element composition,
and structure (Figure 10.3). The precipitated crystals showed a distinctive orthorhombic
structure, with an average size of 40 µm (Figures 10.3A and B). The XRD spectrum obtained
of the precipitate was identical to that of the reference pure struvite crystal standard (Figure
10.3C). The EDS spectrum showed that the three major peaks were for magnesium,
phosphorus, and oxygen, which are the key elements of struvite. Apart from carbon (which
was used to coat the sample), no other elements were detected. Thus, the results shown in
Figure 10.3D confirm the purity of the obtained struvite crystal. It is noteworthy that struvite
also contains nitrogen. However, nitrogen is a light element and cannot be detected by EDS
analysis. The high struvite purity observed here could be attributed to the enrichment of
phosphate and ammonium by the FO-MD hybrid system.
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In summary, our results demonstrate the potential of the FO-MD hybrid system for
simultaneously extracting phosphorus and clean water from digested sludge centrate. The
fouling resistant FO process provides an effective pre-treatment for MD to enable a stable
water flux. In addition, the bidirectional transport of magnesium (the draw solute) and protons
across the FO membrane creates favourable conditions for phosphorus extraction in the form
of struvite precipitate.

Figure 10.3: Struvite crystal recovered by the FO-MD process: (A) and (B) SEM images, (C)
XRD analysis, and (D) EDS analysis. Solution pH was further increased to 9.5 by addition of
base (NaOH). Continuous stirring was applied for two hours, and crystals were recovered and
dried in a desiccator at room temperature.
10.4 CONCLUSIONS
We demonstrate the simultaneous extraction of phosphorus and clean water from
digested sludge centrate using a forward osmosis (FO) – membrane distillation (MD) hybrid
process. In the FO-MD hybrid process, FO concentrates orthophosphate and ammonium for
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subsequent phosphorus recovery in the form of struvite (MgNH 4 PO 4 ·6H 2 O), while MD is
used to recover the draw solution and extract clean water from the digested sludge centrate.
The FO process experienced water flux decline during operation, but fouling was largely
reversible after a brief, simple membrane flushing using deionized water. The FO process also
provides an effective pretreatment capacity to the subsequent MD process, which exhibited
stable water flux. The use of MgCl 2 as the draw solute for the FO process is another novel
aspect of the system. The reverse salt flux of magnesium to the concentrated digested sludge
across the FO membrane and the diffusion of protons away from the digested sludge create
favorable conditions for the formation of struvite crystals. The precipitates obtained in the
hybrid process were verified to be struvite crystals by examining crystal morphology, element
composition, and crystal structure. Results reported here highlight the potential and
robustness of the FO-MD hybrid process for extracting phosphorus from wastewater.
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10.6 APPENDIX
Table S10.1: Key properties of FO and MD membranes used in this chapter
Parameter
FO membrane
MD membrane
Active layer

Cellulose triacetate

Polytetrafluoroethylene

Air permeability
(L/m2s)

N.A.

6–8a

Pure water permeability
(L/m2hbar)

0.65 ± 0.027 b

N.A.

Salt (NaCl) permeability
(L/m2-h)

0.25 ± 0.07 b

N.A.

Membrane structural parameter
(mm)

0.67 ± 0.13 b

N.A.

Pore size
(nm)

0.37 c

30 d

Contact angle
(º)

60 ± 3 e

135 ± 15 f

Zeta potential at pH 7
(mV)

−4.6 g

N.A.

a

provided by the manufacturer; membrane sample (70 mm in diameter) was measured at 127 Pa
determined using standard protocol proposed by Cath et al. 1; data reported by Xie et al. 2
c
reference 3
d
provided by the manufacturer
e
reference 4
f
determined by standard sessile drop method
g
reference 4
b

1

T.Y. Cath, M. Elimelech, J.R. McCutcheon, R.L. McGinnis, A. Achilli, D. Anastasio, A.R. Brady, A.E. Childress, I.V. Farr, N.T. Hancock,
J. Lampi, L.D. Nghiem, M. Xie, N.Y. Yip, Standard methodology for evaluating membrane performance in osmotically driven membrane
processes, Desalination, 312 (2013) 31-38.
2
M. Xie, W.E. Price, L.D. Nghiem, M. Elimelech, Effects of feed and draw solution temperature and transmembrane temperature difference
on the rejection of trace organic contaminants by forward osmosis, Journal of Membrane Science, 438 (2013) 57-64.
3
M. Xie, L.D. Nghiem, W.E. Price, M. Elimelech, Comparison of the removal of hydrophobic trace organic contaminants by forward
osmosis and reverse osmosis, Water Research, 46 (2012) 2683-2692.
4
M. Xie, W.E. Price, L.D. Nghiem, Rejection of pharmaceutically active compounds by forward osmosis: Role of solution pH and
membrane orientation, Separation and Purification Technology, 93 (2012) 107-114.
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Table S10.2: Key water parameters for feed, draw, and product water by the FO-MD system
(average ± standard deviation from duplicate experiments). Experimental conditions were
described in Figure 10.1 in the chapter.
Parameter

Feed

Draw

Product Water

TOC (mg/L)

647 ± 20

95.7 ± 3.8

4.7 ± 1.2

TN (mg/L)

783 ± 11

65.2 ± 2.8

2.1 ± 0.5

6720 ± 120

N.A.

14.2 ± 2.1

Ammonium (mg/L)

538 ± 25

48.7 ± 4.8

0.33 ± 0.11

Orthophosphate (mg/L)

223 ± 12

19.7 ± 1.5

0.15 ± 0.15

Electric Conductivity
(µS/cm)

Figure S10.1: Schematic diagram of the lab-scale FO-MD experimental setup for
phosphorous extraction from digested sludge centrate.
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Figure S10.2: Water flux of the MD-only process using digested sludge centrate feed.
Experimental conditions: initial volumes of feed and distillate were 1 and 1 L, respectively;
feed and distillate temperatures were 40 and 20 °C, respectively; and cross-flow rates were 1
L/min (corresponding to cross-flow velocity of 9 cm/s) for the feed and distillate. A brief,
simple membrane flushing was conducted after producing 650 mL permeate, in which MilliQ
water was used to flush the fouled MD membrane at a cross-flow velocity of 18 cm/s at 40
°C.

Figure S10.3: FO membrane autopsy: (A) SEM image and (B) EDS analysis for element
composition of the fouling layer. Experimental conditions were described in Figure 10.1 in
the chapter.
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Figure S10.4: Accumulation of ammonium and orthophosphate in the draw solution as a
function of cumulative permeate volume. Experimental conditions were described in Figure
10.1 in the chapter.
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Figure S10.5: Rejection of ammonium and orthophosphate by the FO process as a function of
cumulative permeate volume. Experimental conditions were described in Figure 10.1 in the
chapter.
253

9.8
9.6
9.4

pH (-)

9.2
9.0
8.8
8.6
8.4
8.2
8.0

0

20

40

60

80

100

120

Time (min)
Figure S10.6: pH variation as a function of time during struvite formation. Experimental
conditions were described in Figure 10.3 in the chapter.
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CHAPTER 11: Conclusions and
Recommendations for Future Work
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Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning.
Albert Einstein
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11.1 CONCLUSIONS
The thesis systematically investigated TrOC rejection by FO, primarily effects of
membrane property and draw solution, effects of key operating conditions, effects of
membrane fouling, and application of FO-MD hybrid system. Mechanisms responsible for the
TrOC rejection by FO were proposed and elucidated to shed light on the development and
deployment of FO process.
In Chapter 3, we have systematically characterised key properties of the CTA and
TFC membranes and compared their rejection of 12 TrOCs as a function of permeate flux
using the membrane pore hindrance transport model. The TFC membrane has a higher A
value, lower B and S values and higher surface charge than those of the CTA membrane. As a
result, the TFC membrane exhibited a higher water flux and lower reverse NaCl flux than the
CTA membrane. More importantly, the calculated membrane pore radii of the CTA and TFC
membranes were 0.37 and 0.42 nm, respectively. The calculated active layer structure factor,
l/ε, of the CTA and TFC membranes were 0.11 and 2.12 µm, respectively. The pore hindrance
transport model can be used to describe the rejection of TrOCs by the FO process. Rejection
of charged TrOCs by both the CTA and TFC membranes was generally high and was
governed by both electrostatic interaction and steric hindrance. In contrast, the TFC
membrane exhibited higher rejection of neutral TrOCs with low molecular weight than the
CTA membrane, albeit that the TFC membrane pore size was larger than that for the CTA
membrane. We attribute the observed higher rejection of neutral TrOCs by the TFC
membrane to a more favourable active layer structure as indicated by the larger active layer
thickness to porosity ratio parameter, l/ε, and the negative membrane surface charge that
induced pore hydration.
In Chapter 4, rejection of three hydrophobic trace organic contaminants, namely
bisphenol A, triclosan, and diclofenac, by a commercially available FO membrane, was
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investigated in both the FO and RO modes. The separation behaviour of the trace organic
compounds in the FO mode, when NaCl was used as the draw solute, differed from that in the
RO mode. At the same water permeate flux of 5.4 L/m2h (i.e., 1.5 µm/s), adsorption of all
three compounds to the membrane in the FO mode was consistently lower than that in the RO
mode. In addition, the rejections of bisphenol A and diclofenac were higher in the FO mode
compared to the RO mode. Because the molecular width of triclosan was larger than the
estimated mean effective membrane pore size, the rejection of triclosan by the membrane was
close to 100 % and negligible difference between the FO and RO modes could be observed.
The difference in the separation behaviour of these hydrophobic trace organic contaminants in
the FO (when NaCl was used as the draw solute) and RO modes could be explained by the
retarded forward diffusion of feed solutes within the membrane pore. The relatively high
reverse NaCl flux hinders the adsorption and diffusion of these trace organic compounds
within the membrane pore matrix. The retarded forward diffusion phenomenon was verified
by conducting experiments using draw solutions with much lower reverse salt flux, namely
MgSO 4 and glucose. With these draw solutes, the adsorption and rejection of BPA in the FO
mode were identical to that those in the RO mode.
In Chapter 5, we investigated the effects of membrane orientation and feed solution
pH on permeate flux and rejection of carbamazepine and sulfamethoxazole by an FO
membrane. The following conclusions could be drawn: (i) water flux was pH-dependent in
both membrane orientations. An increase in water flux was observed with increasing feed
solution pH, and both the specific reverse salt flux and hydrogen ion flux were hindered in the
basic pH range. These observations agreed well with the zeta potential measurements of the
FO membrane; (ii) the feed solution pH induced different rejection behaviour for
carbamazepine and sulfamethoxazole. Rejection of the neutral carbamazepine compound was
independent of pH, while rejection of sulfamethoxazole was significantly affected by pH as
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the speciation of sulfamethoxazole varied with pH; (iii) membrane orientation played an
important role in both water flux and PhACs rejection behaviour. Due to concentrative and
dilutive ICP effects, water flux was higher in the PRO mode than that with the FO mode. In
the PRO mode, concentrative ICP in the porous supporting layer of the FO membrane
resulted in a lower PhACs rejection value than that in the FO mode.
Results in Chapter 6 demonstrated that feed and draw solution temperature and
transmembrane temperature difference have a significant impact on FO water and reverse salt
(NaCl) fluxes as well as TrOC rejection. The membrane structural parameter (S) and the
reverse salt flux selectivity (RSFS) did not change significantly in the temperature range of 20
to 40°C, indicating that any thermal-induced changes in the membrane polymer structure
would be negligible. The increase in water and solute diffusivities at higher temperatures and
the temperature-dependent draw solution properties governed the water and reverse salt
(NaCl) flux behaviour and TrOC rejection. Because electrostatic interaction was an important
rejection mechanism, rejection of charged TrOCs was higher than that of neutral TrOCs and
their rejection was insensitive to temperature variation. Rejection of neutral TrOCs decreased
significantly as the feed solution temperature increased from 20 to 40°C. This decrease
resulted from the enhanced diffusivity of neutral TrOCs at an elevated temperature. By
contrast, rejection of neutral TrOCs increased when the feed and draw solution temperatures
were 20 and 40°C, respectively. This increase in the rejection of neutral TrOCs could be
attributed to the changes in properties of the draw solution. Water flux enhanced by higher
osmotic pressure led to a dilution effect. At the same time, an increase in the reverse salt
(NaCl) caused by a higher draw solute diffusivity further hinder the forward diffusion of the
neutral TrOCs from the feed to the draw solution.
Results reported in Chapter 7 indicate that calcium in the feed solution promoted the
deposition of humic acid onto the membrane surface. Higher deposition of humic acid was
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also observed when NaCl was used as the draw solute due to an increase in ionic strength at
the membrane interface in comparison to MgSO 4 , glucose, and urea, which either exhibited a
negligible reverse solute flux or were organic based. The increase in humic acid deposition on
the membrane surface led to a substantial decrease in the membrane salt (NaCl) permeability
coefficient but did not result in a significant decrease in the membrane pure water
permeability coefficient. The decrease in carbamazepine and sulfamethoxazole permeation as
the deposition of humic acid increased, which correlated well with the decrease in the
membrane salt (NaCl) permeability coefficient. It is hypothesized that the hydrated humic
acid fouling layer hindered solute transport through the membrane pores and enhanced steric
hindrance, but not the diffusion of water. Results reported here also indicate that the humic
acid did not penetrate into the membrane pores.
Chapter 8 identified that the initial permeate water flux has a significant impact on the
fouling behaviour and TrOC rejection in an FO process. Fouling behaviours of humic acid
and colloidal particles were markedly different at initial permeate fluxes of 9 and 20 L/m2h.
Water flux decline was relatively insignificant for fouling at the low initial permeate flux of 9
L/m2h, whereas substantial decrease in water flux was observed for frouling at high initial
permeate flux (20 L/m2h). More importantly, the water flux recovery after physical cleaning
of the fouled membrane was consistently higher for fouling runs at the lower initial permeate
flux value (9 L/m2h) than that at 20 L/m2h. Thus, it is hypothesized that the fouling layer
structure transitioned from a fluid-like loose layer at an initial water flux of 9 L/m2h to a
stagnant compact layer at an initial permeate flux of 20 L/m2h. As a result, a fluid-like loose
layer that was formed at initial permeate flux of 9 L/m2h caused pore blockage and thus
enhanced steric hindrance, thereby leading to an increase in TrOC rejection. By contrast, the
cohesive and compact fouling layer that was formed at an initial permeate flux of 20 L/m2h
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exacerbated cake-enhanced concentration polarization and resulted in a decrease in TrOC
rejection.
In Chapter 9, the robustness and treatment capacity of an FO –MD hybrid system for
small-scale decentralized sewer mining was demonstrated. A stable water flux was realized
using a laboratory-scale FO-MD hybrid system operating continuously with raw sewage as
the feed at water recovery up to 80%. The hybrid system also showed an excellent capacity
for TrOC removal, with removal rates ranging from 91 to 98%. The results suggested that
TrOC transport through the FO membrane is governed by ‘solute – membrane’ interaction,
while that through the MD membrane is strongly correlated to TrOC volatility.
Concentrations of organic matter and TrOCs in the draw solution increased substantially as
the water recovery increased. This accumulation of some contaminants in the draw solution is
attributed to the difference in their rejection by the FO and MD systems. We demonstrate that
granular activated carbon adsorption or ultraviolet oxidation could be used to prevent
contaminant accumulation in the draw solution, resulting in near complete rejection (>99.5%)
of TrOCs.
In Chapter 10, we demonstrated the simultaneous extraction of phosphorus and clean
water from digested sludge centrate using an FO-MD hybrid process. In this FO-MD hybrid
process, FO concentrates orthophosphate and ammonium for subsequent phosphorus recovery
in the form of struvite (MgNH 4 PO 4 ·6H 2 O), while MD is used to recover the draw solution
and extract clean water from the digested sludge centrate. The FO process experienced water
flux decline during operation, but fouling was largely reversible after a brief, simple
membrane flushing using deionised water. The FO process also provides an effective
pretreatment capacity to the subsequent MD process, which exhibited stable water flux. The
use of MgCl 2 as the draw solute for the FO process is another novel aspect of the system. The
reverse salt flux of magnesium to the concentrated digested sludge across the FO membrane
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and the diffusion of protons away from the digested sludge create favourable conditions for
the formation of struvite crystals. The precipitates obtained in the hybrid process were
verified to be struvite crystals by examining crystal morphology, element composition, and
crystal structure. Results reported here highlight the potential and robustness of the FO-MD
hybrid process for extracting phosphorus from wastewater.
11.2 RECOMMENDATIONS FOR FUTURE WORK
Advances in FO processes hold promise for our low-carbon future and unlocking the
potential of FO offers a sustainable pathway to secure our prosperity. Despite significant
progress in fabrication of high performance FO membrane, much effort should be devoted to
fine tune membrane active and supporting layer to optimize FO membrane performance in a
wide range of applications, such as boron-rejecting FO membrane for seawater desalination,
anti-fouling FO membrane for wastewater reclamation, and mechanically robust FO
membrane for osmotic power generation.
Fouling of the FO membrane is critical in the context of wastewater reclamation. As
demonstrated in Chapters 7 and 8, membrane fouling restrained FO membrane performance
and reduced product water quality. Much attention should be paid to investigate the synergic
effect in membrane fouling, such as organic and colloidal foulants. Possessing such
understanding can be important to the large-scale deployment of an FO process in wastewater
reclamation.
The hybridized FO-MD system, examined extensively in Chapters 9 and 10 holds
great promise. One area that needs further investigation is to test the feasibility of the
technique to different applications and industries. One promising application is in food
science where the hybrid system can be applied to a range of unit operations such as,
ingredient concentration, extraction and dewatering. A further exciting extension of this
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technique is its combination with a bioreactor, which may enhance the overall performance
and further reduce costs.
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